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Photocatalytic inactivation of microorganisms by titanium dioxide (TiO2) is
being studied as a water treatment technology. When TiO2 absorbs light, electrons (e~)
and positive holes (h*) are formed inside the crystals that can migrate to the surface of
TiO2- As a result, reactive oxygen species (ROS) such as O2'" and OH' are generated to
damage microorganisms. The objective of this work was to investigate the effect of
bicarbonate ion, both added and formed upon the photocatalytic oxidation of substrates,
on TiO2 photocatalytic activity on the inactivation of viruses and enzymes, and the
oxidation ofproteins and amino acids. We examined the TiO2 photocatalytic
inactivation ofMS2, a single stranded RNA bacterial phage used as a model for human
enteric viruses, and adenovirus, a double stranded DNA human enteric virus. Three
proteins, P-galactosidase an enzyme that catalyzes the breakdown of lactose into
galactose and glucose, Bovine Serum Albumin, a well-known transporter protein
derived from the blood plasma of cows, and a tetrapeptide were examined. The kinetics
of photocatalytic T1O2 oxidation of alanine, aspartic acid, cysteine, phenylalanine,
serine, and tyrosine were also studied. These experiments were conducted in sterile
water with and without added bicarbonate and in some cases in the presence of Ca** to
remove bicarbonate formed in solution by photocatalytic oxidation of the substrate.
We have found that bicarbonate considerably enhanced TiC>2 photocatalytic
activity on the organism, protein, and amino acid levels due to CO3"" which was
generated as a secondary radical by OH' reacting with the carbonate/bicarbonate ions
present in our system. The CO3'\ a selective oxidant with longer life time, was more
effective during photocatalytic treatment when compared to the highly reactive but non
selective OH*. Therefore this knowledge can be used to enhance the photodegradation
ofwastewater.
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INTRODUCTION AND LITERATURE REVIEW
1.0 Introduction
Access to clean water is one of the most prevalent problems affecting people
throughout the world.1 Montgomery et al. stated that 1.2 billion people lack access to
safe drinking water while 2.6 billion have little or no access to sanitation.2 To sanitize
drinking water disinfectants, such as chlorine, chlorine dioxide, and chloramine, are
added. Disinfectants can react with natural organic matter in the water to form
disinfection byproducts (DPBs), which may pose health risks. The presence ofDPBs in
most developed drinking water supplies has become a growing problem. The health
effects from exposure to disinfection by-products have been well documented. For
example, exposure to DPBs through ingestion, showering, and swimming pools have
been associated with bladder, colon, and rectal cancer.3'5 Respiratory problems such as
asthma attacks have also occurred as a result of exposure to DPBs.6
Chlorine, as a primary disinfectant, and ultraviolet (UV) light, as a supplement,
are the most common methods used for water disinfection.7'8 While chlorine and UV
light are effective, there are drawbacks to using both methods. More than 300 DPBs
including trihalomethanes and haloacetic acids are formed during chlorine treatment of
natural organic matter in water.9"11 Limitation ofUV radiation lies in the inability to
disinfect water with high levels of suspended solids, turbidity, color, or soluble organic
matter.12 As a result of the difficulties ofusing chlorine and UV light there has been a
1
call for the development of alternative approaches to the disinfection of water. The Long
Term 2 Enhanced Surface Water Treatment Rule (LT2 rule) was promulgated by the U.S.
EPA with the intent ofreducing illnesses linked with the Cryptosporidium and other
disease-causing microorganisms in drinking water.13 The stage 2 Disinfectants and
Disinfection Byproducts Rule (Stage 2 DBP) was written to provide additional public
health protection from DPBs.6'14 While these rules were intended to reduce the amount
ofDBPs formed during chlorine treatment of drinking water, they did not eliminate them.
Thus, the development of disinfection methods that do not produce DPBs is still
desirable.
Titanium dioxide (T1O2), a semiconductor photocatalyst, has been shown to
inactivate microorganisms photocatalytically, and has the potential to become an
alternative to conventional water disinfection methods, hi addition, TiO2 exhibits high
photo-stability, it is relatively chemically and biologically inert, and is readily available at
low cost.15 Several studies have reported the effect of the ions present in aqueous
solutions on the TiO2 photocatalytic properties.16 The focus of this research was to
determine the effect of added bicarbonate ions on the TiO2 photocatalytic degradation of
selected amino acids and proteins, and the inactivation ofMS-2 and adenovirus.
1.1 Literature Review
1.1.1 Treatment of Wastewater and Drinking Water
1.1.1.2. Advanced oxidation processes
Advanced oxidation processes (AOPs) are developing technologies used at
industrial and municipal wastewater plants for the treatment of water by using non-
chlorinated disinfection methods.17 AOPs have also been documented to degrade toxic
organic pollutants ,such as pesticides, and inactivate pathogenic microorganisms found in
wastewater.17'18 AOPs degrade organic materials by generating hydroxyl radicals (OH")
which are highly reactive non-selective oxidants.19 Once generated, OH' can degrade
natural organic matter by radical addition (1-1) and hydrogen abstraction (1-2).20 In the
following reactions, R represents the reacting natural organic matter.
R + OH'-^ROH (1-1)
RH + OH'^ R« + H2O (1-2)
During wastewater and drinking water treatment, AOPs are usually utilized in the
initial and final stages of treatment. In the initial stage, AOPs are applied to enhance the
biodegradability of trace organic contaminants and in the tertiary treatment stage after the
biological (secondary) treatment of wastewater (Figure I).21 The versatility ofAOPs are
enhanced as they allow different ways for generating OH'by mixing ozone (O3),
hydrogen peroxide (H2O2), and UV radiation in different combinations at varying pH.22
Due to the formation of OH', the advantages ofusing AOPs include completely
eliminating organic compounds in the aqueous phase thus reducing the transfer of
pollutants into another stage of water treatment and the possibility to react with almost
every organic pollutant.22 However, AOPs have several drawbacks such as the cost of




























Figure 1. Schematic drawing ofAOPs use in wastewater and drinking water treatment.
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As discussed in the previous paragraph, ozone is one of the chemicals used during
AOPs. Ozone becomes a strong oxidant when dissolved in water, generating OH' in two
successive reactions under UV light. UV light converts ozone in water to oxygen and
hydrogen peroxide (1-3). The hydrogen peroxide then reacts with the ozone under
photolysis to generate OH' (1-4).23
O3 + H2O + hv -> O2 + H2O2 O-3)
2O3 + H2O2 + hv -»■ 2 OH' + 3O2 (1-4)
Ozone has also been used to treat dyes found in the wastewater generated by the
textile industry. Sheng et al. showed that color and traces of toxic organic compounds in
textile dye waste were removed effectively from wastewater when exposed to a high
concentration of ozone.24 Konsowa et al. documented how pH affects the rate of dye
oxidation. They observed a 32% reduction in the removal of color when pH values were
varied from 2 to 12. Higher color removal at alkaline pHs could be due to enhancement
of ozone decomposition by OH'.25 As pH increased, there were more hydroxide (OH")
ions present which led to formation of more OH' that reacted with the dye. There are two
main drawbacks when using ozone in water treatment: 1) Organic compounds are not
completely oxidized to CO2 and H2O in many cases; and 2) the remaining intermediate
products in the solution after oxidation may be as toxic as or even more toxic than the
initial contaminant.26
Hydrogen peroxide (H2O2) is the other component also used in AOPs. H2O2
under UV light is effective for water treatment due to its high oxidation potential to
water.27 During this process, UV light cleaves the 0-0 bond in H2O2 generating OH' that
degrade organic contaminants and inactivate microorganisms.28 The reactions below (1-5
to 1-7) describe the direct production of OH'by the photolysis of H2O2 and degradation
ofH2O2 by OH' to give H20 and O2.26
H2O2 + hv -+ 2 OH* (1-5)
H2O2 + OH' -» H02- + H20 (1 -6)
H2O2 + H02* -»> OH' + H20 + 02 (I-7)
Galindo et al showed that at pH 3 to 4, H2O2 under UV light was more effective
in degrading textile wastewater than at pHs greater than 4.29 This suggests that the H2O2
and UV irradiation process is more effective in acidic conditions. At alkaline pHs, H2O2
decomposes into dioxygen, H02" ions, or water rather than contribute to the production of
OH' under UV radiation.25 Therefore, at alkaline pHs the concentration of OH' produced
from H2O2 and UV radiation is lower than under acidic conditions. A disadvantage of
using H2O2 and UV light water treatment is that this method loses effectiveness as the
concentration of organic pollutants in wastewater increase. Another disadvantage is that
sunlight does not provide the required UV energy for the photolysis of H2O2 and UV
lamps in the range of 400 nm and 10 ran must be used.19 In addition, H2O2 has poor UV
absorption and most of the light input is wasted through competitive UV absorption by
water.19 Kleiser et al. showed a 20% increase in the formation of trihalomethanes
(THMs) after 200 min of treatment of contaminated river water with H2O2 and UV
light.30 Penru et al. also reported the formation of DPBs, bromate and haloacetic acid
(HAA), during water disinfection with H2O2 and UV light.31 Thus, replacement of
chlorine disinfection of water with ozone, or H2O2 and UV also leads to the production of
DPBs.
1.1.2 Semiconductor photocatalysis
Semiconductor photocatalysis is an appealing method for application in AOPs.
Semiconductor photocatalysis involves treating and decomposing toxic compounds to
non-hazardous products and the inactivation of microorganisms and has recently been
reviewed by Roberton et al. and Hufschmidt et al.n'M Electron-hole pairs are formed
upon photolysis of the semiconductor that can participate directly in redox reactions with
surface absorbed organic molecules to yield products such as CO2 and H2O, or produce
OH' or O2" that can migrate from the surface and degrade organic molecules in solution.
These new materials have the potential to become a major part of the wastewater
treatment systems due to: 1) low cost, 2) low-toxicity, 3) efficient absorption ofUV or
visible light, 4) capability of extended use without substantial loss of photocatalytic
activity when compared to conventional chemical oxidation methods.35 The process of
semiconductor photocatalysis involves the following steps:35 Light of a wavelength
greater than the band gap irradiates a semiconductor; electrons are excited from the
valence band to the conduction band of the semiconductor. The electrons (e~) in the
conduction band and positive holes (h*) in the valence band cause reduction and
oxidation reactions, respectively, resulting in the formation of reactive oxygen species
(ROS) which can degrade organic pollutants or inactivate microorganisms. Specifically,
an O2 molecule scavenges the e" from the conduction band of the TiO2 semiconductor
forming a superoxide radical (O2'). A H2O molecule or hydroxide ion (OH") is oxidized







Figure 2. Diagram of semiconductor photocatalysis in water.
37
One disadvantage of semiconductor photocatalysis is the electron-hole
recombination process which makes the process less efficient. 5 Chatterjee et ah
suggested that the suppression of the recombination process can be achieved in three
ways: a) Adjusting the band gap between e" and h+ to be larger than the energy required
for the desired reactions, b) adjusting the redox potentials of the e" and h+ so that they are
suitable for generating the redox reactions, and c) adjusting conditions such that the rates
of the redox reactions are fast enough to compete with the recombination process.35
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Therefore, a semiconductor with these characteristics under the appropriate conditions
would be useful in drinking and wastewater treatment.
1.1.3 Titanium Dioxide (TiO2) Photocatalysis
TiC>2 is utilized as a white pigment in paints, food additives, Pharmaceuticals, and
cosmetics.38 Fujushima et al. were one of the first to document the diverse applications
of TiO2, as a semiconductor material, when illuminated with UV light. They showed that
TiO2 has applications to self-cleaning, antibacterial, antifogging materials, and are
capable of decomposing contaminants in air and water.39 TiO2 is also insoluble in water
which allows the material to be removed after photocatalytic treatment.40 In recent years,
environmental cleanup applications have been one of the most active areas in
semiconductor photocatalysis and the uses of TiO2 has been reviewed extensively and
will only be described briefly here.41"43
The photocatalytic disinfection ofbiological contaminants with TiO2 has been
demonstrated while eliminating the need for additional chemical oxidants. Matsunaga et
al. showed in 1985 that TiO2 irradiated with UV light sterilized microbial cells.44
Researchers have also immobilized TiO2 on a cellulose membrane or as a nanoparticle
film to enhance treatment of a suspension of Escherichia coli (E. coli). They observed
complete inactivation ofE. coli suspensions after treatment with the immobilized TiO2
under UV light.45'46 Maneerat et al. studied the photocatalytic activity of TiO2 against
Penicillium expansum, leading to a significant reduction in growth of the fungal
pathogen.47 Chen et al. also found TiO2 and UV light to be effective in inhibiting the
growth ofAspergillus niger.4*
While the photocatalytic disinfection of biological contaminants such as bacteria
with TiO2 has been observed, the resistance of these microorganisms to ROS has also
been documented. Superoxide dismutase (SOD) has been documented as a regulator to
slow down the effects of ROS on aging, UV-induced skin damage and cancer in
humans.49 In eukaryotic cells, defense systems produce superoxide dismutase when the
formation ofROS increases under stressed conditions.50"52 Visai et al. proposed a three-
step mechanism for photokilling of bacteria on irradiated TiO2-surfaces: (a) attack of cell
walls by ROS changing the permeability of the cell wall; (b) structural and functional
disordering of the inner cytoplasmic membrane, leading to cell death; (c) mineralization
of bacteria to CO2 and H2O.53
The use of TiO2, as a semiconductor, during AOPs involving wastewater and
drinking water treatment can be appealing because it is inexpensive, nontoxic, and
capable of extended use without substantial loss of photocatalytic activity. Maness et al.
reported that a suspension of 1 mg/mL in water was the optimum dose for photocatalytic
disinfection with TiO2. Concentrations higher than 1 mg/mL caused an increase in the
cloudiness of the water, light scattering, and a significant decrease in the photocatalytic
inactivation rate.54 Because of the wide range of TiO2 applications; this material has been
subjected to many toxicology studies55 to assess its safety. TiO2 toxicity in aquatic
systems is highly size dependent.56 Heinlaan et al. investigated the ecotoxicity ofbulk
and nano TiO2 using a combination of traditional ecotoxicity methods and metal-specific
recombinant biosensors. They reported no signs of toxicity in suspensions of nano and
bulk TiO2 even for suspensions up to 20 g/L.57 Nonetheless, the potential release of
environmentally hazardous disinfection by-products into an ecosystem as a result of
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photoactivity needs to be taken into account. Jinhui and Wei showed that application of
UV/TiO2 photocatalysis in water disinfection did not induce any biological instability in a
photocatalysis reactor.58 While TiO2 photocatalysis can enhance the biodegradability of
organic matter, a DPB identified as 3-methyl-2, 4-hexanedione was observed during
treatment of contaminated water using T1O2 under UV light.59 The formation of
bromoform was also reported as a DPB during photocatalytic TiO2 and bromide treatment
of organic matter in water.60 This suggests that a drawback to using TiO2, like other
oxidative methods, is that the intermediate products in solution after oxidation may be as
toxic as the initial contaminant.
TiO2 is found in nature in three forms; rutile, anatase, and brookite. All three
forms are expressed using the same chemical formula (TiCb) but their crystal structures
are different. While rutile and anatase have tetragonal crystal structures, brookite has a
orthorhombic crystal structure. Anatase and rutile are the most commonly used forms
with band gaps of 3.2 and 3.0 eV, respectively.61 Degussa P25, a mixed phase TiO2 (75
% anatase and 25 % rutile), is widely used in wastewater treatment because its' of high
photocatalytic activity.62 Similar to other semiconductors, Degussa P25 absorbs light to
generate electrons and positive holes inside the crystals that can migrate to the surface of
the crystal. However, the electrons and positive holes formed in Degussa P25 recombine
more slowly than other semiconductor photocatalysts which makes the photocatalytic
process more efficient.63 The application of Degussa P25 and UV light has great
potential in water treatment based on the ability to degrade organic matter using ROS
such as OH' and O2".64 ROS has the ability to decompose organic matter into degradation
products such as CO2 and H2O.65 ROS also can decompose nitrogen containing organic
11
matter into NHU+ and NO3". The most reactive ROS is the OH' with an oxidation
potential of 2.80 V.66
The doping of semiconductors with metal or nonmetal atoms to allow visible light
photocatalysis have the widely studied and recently reviewed by Chen et al. and Liu et
al.67'11 There has also been documentation of processes using TiO2 doped with metals to
extend photocatalytic activity in to the visible light range.72"75 Metals such as Iron (Fe),
Manganese (Mn), and Copper (Cu) have been used to harvest light. The development of
the visible light responsive materials has been shown to enhance the photocatalytic
activity by depressing the band gap. Another approach uses transition-metal ions such as
silver (Ag), chromium (Cr), and platinum (Pt) to substitute the lattice Ti ion to form an
intermediate band gap to absorb visible light. Zhang et al. demonstrated how platinum
facilitates charge separation in TiO2 which enhances photocatalytic properties. TiO2
doped with silver substituted in the lattice has received more attention due to the ability
to stabilize photo-produced e" and h+ to result in a more active photocatalyst and
antimicrobial agent. Silver, as well as the other transition metals, are incorporated and
deposited on the photocatalyst by dissolving the metal in an aqueous or organic solution.
The metal containing solution is added to the photocatalyst which is dried and calcined in
order to be deposited metal on the photocatalyst surface. Metal deposited on the TiO2 act
as sinks for photoinduced charge carriers to promote interfacial charge transfers. This
ability hinders the recombination of the electron/hole pair and accelerates the formation
of ROS.77
Recently several groups have also reported doping TiO2 with non-metals such as
carbon, sulfur, and nitrogen. Techniques such as the sol-gel process, e-beam evaporation,
12
and chemical vapor deposition have been used to prepare TiO2 photocatalysts.78 Carbon
doped TiO2 was prepared by oxidative annealing of TiC in air/O2 at 600 °C for 5 h.79
Sulfur doped TiO2 is also synthesized by oxidative annealing TiS2 in air at 500 °C.69
Nitrogen doped TiO2 is prepared by annealing a mixture of titania and urea in air at 500
°C for 3 h.80 whereas conventional photocatalysts are white The photocatalysts obtained
through this process are yellow, and capable of absorption in the visible light range.
Doping with non-metal atoms in the TiO2 lattice shifts the absorption to lower energies
by providing filled orbitals with in the TiO2 band gap.81
Our group has developed nitrogen doped TiO2/Al2O3 composites and TiO2/Al2O3
composites impregnated with copper and iron and applied them to the photocatalytic
treatment ofE. coli K12.82'83 A12O3 was used as a support for the catalysts due to its'
high temperature stability, high surface area, and low cost. The TiO2/Al2O3 composites
were utilized in catalytic removal of humic acid.82 The TiO2/Al2O3 composites were
prepared by sol-gel synthesis followed by addition of iron and/or copper by incipient
wetness and calcining. The nitrogen doped TiO2/Al2O3 composites impregnated with
copper were found to be more effective than the corresponding iron composites.
1.2 Antiviral activity of TiO2
The presence of enteric viruses in sewage, polluted, and even treated waters has
been well documented over the past two decades.84"88 The effective control of enteric
viruses in treated waters have become a major public concern because of their resistance
to environmental degradation conditions and common water treatment processes. The
Safe Drinking Water Act was written to require the Environmental Protection Agency
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(EPA) to publish a list of contaminants every five years that are known or anticipated to
occur in public water systems.90
Suspension ofTiO2 in water or absorbed on films, under both UV or visible light
irradiation has been found to deactivate many viruses. In 1994 Sjogren et al.
demonstrated the inactivation ofMS-2 phage in the presence of TiO2, under a 15 W UV
lamp UV light at 365 nm at pH 7.2 in a disodium hydrogen phosphate (Na2HPO4) buffer
with and without 2 uM iron (II).91 They hypothesized that TiC>2 photocatalytic viral
inactivation was enhanced by iron. The number of phages was determined by counting
plaque forming units (PFUs). The inactivation ofMS2 increased 9.9% when iron was
added. At pH 7.2 the surface of TiO2 is predominantly negative while MS2 phage is
negatively charged. Therefore, adsorption of the phage onto the TiO2 is highly unlikely
likely. The increased activity in phage inactivation in the presence of iron could be
attributed to iron serving as an additional oxidant by scavenging electrons, delaying
decreasing e' and h+ recombination enhancing MS2 oxidation and inactivation.
The relative effects of the two different modes of action of the OH' on the
inactivation ofMS2 and E. coli were investigated by Cho et al. Photolysis of TiO2 in
water has been reported to produce OH'both in bulk solution and on the surface of TiO2
particles.92 Cho et al examined the relative importance of the OH' in bulk solution vs.
surface bound OH'using the two well-known OH' scavengers, terf-butanol (f-BuOH) and
methanol (MeOH). An excess of t-BuOH is known to scavenge all OH' in the bulk
solution phase and some of the surface adsorbed OH".92 On the other hand, MeOH is
known to efficiently scavenger ofboth the bulk phase and surface-bound OH*. The
reactions were performed under 18 W black light, 300-420 nm, in deionized and distilled
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water at a pH of 7.1 using a phosphate buffer stock solution and TiO2 at 1 g/L. The
concentrations ofMS2 phage and E. coli were determined by taking 1 mL of sample,
performing ten-fold serial dilutions, platting on appropriate substrata, and counting the
number ofMS2 plaque-forming units and E. coli colony forming units (CFU),
respectively. At a pH of 7.1, the surface of TiO2 was negatively charged while MS2
phage has both hydrophobic and negatively charged hydrophilic regions. Therefore,
adsorption ofMS2 phage onto the surface of TiC>2 is not favored and thus under this
condition inactivation is likely to occur through the free OH* in the system. During
treatment ofE. coli, inactivation took place in the presence of either f-BuOH or MeOH.
They hypothesized that other ROS such as O2«" and H2O2 may be partly responsible for
E. coli inactivation by successfully passing through the cell membrane. Iron at a
concentration of 2 uM was added to the TiO2 suspensions and only enhanced the
inactivation ofMS2 phage. They suggested the iron increased the amount of free OH" in
the system which resulted in the increased inactivation ofMS2 phage. Sang et al.
examined the inactivation of rotavirus, astrovirus, and feline calicivirus by treatment with
TiO2 (Degussa Co.) and UV light. The viruses were exposed to TiO2 under UV light for
8,16, and 24 h. They found that the titers of the viruses were considerably reduced after
24 h of photocatalytic treatment with TiO2. Bovine serum albumin (BSA) was also
added in a dose dependent manner to protect the viruses against inactivation. The results
implied that ROS generated during the photolysis interact with the viral proteins to cause
virus inactivation. They also observed partial degradation of the viral genome after two
days of treatment. Sang et al. also suggested that virus inactivation specifically occurred
through the generation of O2" and OH' which caused damage to the viral protein and
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genome.93 Lee et al. investigated the inactivation and UV disinfection of the murine
norovirus (MNV) with TiO2 Degussa P25. Approximately 107 PFU/mL MNV was
suspended in 10.0 mL ofPBS and PBS containing TiO2 concentrations ranging from 1-
1,000 mg/L and exposed to two low pressure UV lamps at 254 nm at room temperature.
Viral titers were estimated by inoculating mouse macrophage (RAW 264.7) cells
followed by incubation at 37 °C for 36 to 48 h until plaques were visible. The rate of
inactivation of the noroviruses in a suspension of TiO2 under UV light was slightly higher
than by UV light alone.94 They concluded that the addition ofTiO2 did not significantly
enhance the inactivation ofMNV when compared to UV light treatment alone at 254 nm.
These results could be attributed to the high energy of the UV light used which would be
expected to inactivate the virus on its own. Watts et al. showed that poliovirus 1 was
effectively inactivated in a suspension ofTiO2 under photolysis. The inactivation of
poliovirus 1 was investigated in TiO2 suspensions at a concentration of250 mg/L under
fluorescent lights and sunlight in the pH range of 5-8. Inactivation of the virus was faster
within 30 min under fluorescent lights as compared to sunlight.95 They suggested the
results may be due to the low inactivation rate of sunlight which required longer exposure
time. The concentration of TiO2 used may also have inhibited sunlight from passing
through which resulted in the formation of less ROS. They also observed that pH did not
affect photocatalytic disinfection rates in the range studied. From these studies,
deactivation of viruses by TiO2 depend on various factors such as the concentration of
TiO2, incubation period, solution composition, light source, and various ionic species. '
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1.3 Amino acids
1.3.1 Background on amino acids
There are 21 naturally occurring amino acids. While there are many more
naturally occurring amino acids, only 21 are used in protein synthesis. Alpha amino
acids have the general form H2NCH(R)COOH where the side chain, R, varies
considerably as indicated in Table 1. The amine and carboxylic functional groups of
amino acids are amphiprotic. This allows the amine or carboxyl groups to be protonated
or deprotonated depending on pH. Below a pH of 2.3, both the amine and carboxylic
groups are fully protonated. In the pH range of 2.3 to 9.7, the amine group is protonated
while the carboxylic group is deprotonated, this is referred to as the zwitterion form.
Amino acids normally exist as zwitterions in aqueous solution. When the pH is 9.7 or
higher, both the amine and carboxyl group are both deprotonated. The side chains can be
further subdivided into four groups; weak acid or weak base, hydrophilic, and
hydrophobic. This suggests that the form of an amino acid can be altered by adjusting
the pH of the solution. Table 1 lists the naturally occurring amino acids, shown in their
zwitterionic form.
Table 1. List of amino acids examined in this study.
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1.3.2 Oxidative stress on amino acids
The effects of oxidative stress on amino acids have been widely studied/8'1"" hi
aging, the amino acids in proteins are only partially oxidized. During the extensive
oxidation of amino acids, CO2 is formed; however, the mechanism for the generation of
CO2 is not completely understood. Moenig et al. suggested three different structural
features of amino acids which contribute to the evolution of CO2: 1) The aliphatic chain
of the amino acid, 2) the R groups of amino acid containing an OH substituent; and 3) the
arrangement of straight or branched chains on the amino acid.101 There is significant
evidence that the mechanism for the oxidation of amino acids by ionizing radiation in
aqueous media is based on the generation of OH' in a manner similar to that found for the
oxidation of amino acids by the Fenton system involving H2O2 and Fe(II) or TiO2 and
light described above.102 However, Moenig et al. used equations (1-8 to 1-13) to
describe the Fenton oxidation of amino acids which involves deamination of the amino
group and generation of CO2, NH41", and a carboxylic acid. Pathway A (equations 1-8 to
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1-10) involves the oxidative deamination of the amino acid to form the corresponding a-
ketoacid which can undergo further oxidation to form CO2 and a carboxylic acid with one
less carbon atom. Pathway B (equations 1-11 to 1-13) involves the amino acid
undergoing oxidative deamination and decarboxylation to form an aldehyde. This
aldehyde is further oxidized to a carboxylic acid.
Pathway A
RCHNH3+COO2 + H2O2 ->RCOCOO2 + NH4+ + H2O (1-8)
RCOCOO2 + H2O2 -»■ RCOO2 + CO2 + H2O (1-9)
RCHNH3+COO2 + 2H2O2 -»RCOO2 + CO2 + NH4 + 2H2O (1-10)
Pathway B
RCHNH3+COO2 + H2O2 -> RCHO + NH4+ + HCO3 (1-11)
RCHO + H2O2 -»• RCOO2 + H+ + H2O (1-12)
RCHN3COO2 + 2H2O2 -»■ RCOO2 + CO2 + NH4+ +2H2O (1-13)
Hidaka et al. examined the fate of 17 amino acids at 0.1 mM in water (pH 6 -7)
upon oxidation when exposed to TiO2 (2 mg/mL) under UV light (75 w Hg lamp). Ion
chromatography was used to monitor the formation ofNH4+ and NO3" ions. The
formation ofNH4"1" and NO3' ions varied with the structure of the amino acid. The
formation ofNH4+ (percent) decreased in the following order: Alanine (96%) > Valine
(77%) > Leucine (73%) > Isoleucine (67%). The formation ofNO3' (percent) decreased
in the following order: Leucine (18%) = Isoleucine (18%) > Valine (10%) > Alanine
(2%). Serine and threonine were photocatalytically converted to NH4+ ions rather than
NO3". Aspartic acid and glutamic acid were both converted into NH4+ and NO3" ions.
Cysteine produced NO3" ions two-fold faster than NH4+ while methionine led to NH/
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ions twice as fast as NO3". Phenylalanine was predominantly converted into NtLt+ while
tryptophan was more slightly converted into NO3" ions. In principle, OH' can abstract a H
atom from any CH, OH, NH, or SH bond in the amino acids. They proposed a series of
reactions as shown in 1-14 and 15, where R and R1 represents the side chains of an amino
acid and the site of attack by OH', respectively. The protonated amino group (NH3*)
directs the electrophilic attack by OH" to C-H bonds furthest away from the a-carbon
(Equation 1-14). Whereas OH" would attack the a-carbon if the amino group is
unprotonated and uncharged (Equation 1-15). They observed similar results in acidic and
neutral aqueous media where the amino group is fully protonated with H-atom
abstraction occurring at a C-H bond remote from the carbon carrying the amino and
carboxyl groups, hi contract, very effective decarboxylation of a-amino acids by OH'
also takes place in alkaline aqueous solutions where the amino group is unprotonated.10
hi addition, they suggested that reactions also occurred at the surface of the TiO2 during
the photocatalytic process.




Tran et al. exposed seven amino acids, serine (Ser), histidine (His), tryptophan
(Trp), asparatic acid (Asp), alanine (Ala), phenylalanine (Phe), and asparagine (Asn), to
TiO2 photocatalytic treatment at pH 6 to 7.5 to compare the degradation rates in NMR
tubes. T1O2 powder (4.9 mg) was dispersed in a 10.0 mM solution (D2O) of each amino
acid in the pH range of 6-7.5 and illuminated with three 4 w black lights (320-380 nm).
The concentration of each amino acid in solution was estimated by recording the *H
NMR peak area relative to that of an external standard, 2,2-dimethyl-2-silapentane-5-
sulfonate sodium salt (DSS). They found that the decomposition rates of the amino acids
increased in the order of Phe < Ala < Asp < Trp < Asn < His < Ser. They found that
amino acids containing -OH, -NH, or -NH2 in their side chains showed higher
decomposition rates than those without.104 The -OH, -NH, or -NH2 in their side chain are
electron donating groups and direct photocatalytic oxidation near them.
Oxidation is also preferred at sites where the emerging radical can be stabilized
by neighboring functional groups such as unsaturated bonds through electron
delocalization. Welle et al. documented that the radicals formed on a-carbons of amino
acids are stable because of electron delocalization on the neighboring amino and the
carbonyl groups.105 A tertiary radical can be formed at the a-carbon if the amino group is
neutral.106
Xu et al examined the radiolytic oxidation of aspartic and glutamic acid residues
to probe their potential use as structural probes in fingerprinting experiments. Model
peptides, at a concentration of 20-40 u-M containing Asp or Glu prepared in Nanopure
water, were irradiated using white light from a synchrotron X-ray source or a cesium-137
y-ray source for 0.5-30 min. Radiolysis using X-rays and y-ray sources induced similar
23
modifications in biological macromolecules.107 The radiolysis products were
characterized by electrospray mass spectrometry and tandem mass spectrometry. Both
Asp and Glu were found to be susceptible to radiolytic induced oxidization by the X-ray
source and cesium-137 y-ray source. While the effect ofpH was not discussed, radiolysis
resulted primarily in the oxidative decarboxylation of the side chain carboxyl group and
formation of an aldehyde group at the carbon next to the original carboxyl group. The
methylene groups in the Asp and Glu side chains also underwent oxidation forming
ketone or alcohol groups.
Xu et al. later reported a detailed examination of the reactivity for 20 amino acids
using OH' generated by y -rays. Amino acid solutions at concentrations of 10-50 uM
were prepared in Nanopure water and exposed to a cesium-137 y -ray source for 0.5-24
min. After irradiation, samples were stored in -20 °C before mass spectrometric analysis.
A reactivity order of amino acids observed as Cys > Met > Trp > Tyr > Phe > cystine >
His > Leu, He > Arg, Lys, Val > Ser, Thr, Pro > Gin, Glu > Asp, Asn > Ala > Gly. The
results are consistent with the expectation that oxidation with OH' is preferred at sites
where the radical is stabilized by neighboring functional groups such as unsaturated
bonds or electron rich heteroatoms through electron delocalization and to a lesser extent
by electron-releasing alkyl groups through electron donation to electron deficient radical
centers.108
Xu et al. extensively reviewed the chemistry of OH" mediated oxidation of the
side chains of amino acids. While they did not discuss the effect of pH on the oxidation
of amino acid side chains, the effects of buffers on radiolysis experiments were reviewed.
Most of the commonly used organic buffers such as Tris, HEPES, MOPS, CAPS, citrate,
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and CAPSO hinder the substrate degradation by reacting directly with the OH"; thus,
effectively quenching them.109 However, radiolysis in sodium cacodylate or phosphate
buffers would be suitable because they only minimally react with OH*.
During the radiolysis of phenylalanine, an amino acid containing an aromatic side
chain, the OH" was found to attack the aromatic ring by radical addition.115 The OH",
with little positional selectivity, rapidly adds to the aromatic ring to form a
hydroxycyclohexadienyl radical, which rapidly reacts with O2 and later eliminates a
HOO' to give a stereoisomer of tyrosine (Figure 3). However, in the absence of O2, the




Figure 3. Proposed oxidation of phenylalanine by OH".
115
The oxidation of tyrosine, another amino acid with an aromatic side chain, was
similar to phenylalanine, but even more selective with respect to attack on the phenol
group with the strongly directing hydroxyl substituent.115 The OH' rapidly adds to the
sites next to the original hydroxyl substituent at the side chain, followed by the addition
of an O2 in the presence of oxygen (Figure 4). The subsequent elimination of peroxyl
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radical (HOC) lead to the final product, 3,4-dihydroxyphenylalanine (DOPA). In the







Figure 4. Proposed oxidation of tyrosine by the OH*.
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The sulfur-containing amino acids cysteine and methionine were found to be
highly reactive with OH". The radiolytic oxidation of these amino acids was very
complicated and lead to multiple products.'15 The oxidation of cysteine was found to
give sulfonic acid (RSO3H), sulfmic acid (RSO2H), disulfide (RSSR) and also of the loss
of a sulfhydryl group. The initial step in the oxidation of cysteine is the formation of the
thiyl (RS") radical by hydrogen abstraction from sulfhydryl (RSH) group by the OH".
The RS' then undergoes reactions with O2 to generate a thiyl peroxyl (RSOO») radical
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which generates both sulfenic acid (RSOH) and RSO2H. Radiolysis of methionine can
result in methionine sulfoxide which can be further oxidized to methionine sulfone.
Radiolytic oxidation may involve the addition of the OH' to the sulfur atom followed by
hydrogen abstractions.115 At a low pH (< 3.0), methionine behaves like an ordinary
aliphatic thioether. At pH > 3.0, the OH'-adduct sulfur-centered radical may eliminate a
hydroxide anion (OH") to give a sulfur-centered radical cation.
Radiolysis of amino acids containing aliphatic hydrocarbon side chains such as
alanine, leucine, isoleucine and valine results in the formation of a hydroxyl group. The
hydrocarbon side chains were usually attacked with little selectivity by the OH', and
reactivity increased with the number of C-H bonds and the length of the hydrocarbon side
chains.115 The first step was the hydrogen abstraction by OH* to give a carbon centered
radical, which reacts with O2 under aerobic conditions to form a peroxyl (ROO«) radical
(Figure 5). The ROO' then underwent a series of radical reactions to generate
hydroperoxide, hydroxide, carbonyl products, or alkoxyl radicals.
The pathways of OH' oxidation of aliphatic side chains is shown in Figure 5











Figure 5. Proposed oxidation pathways of amino acids containing aliphatic side chains
with OH*.115
The photocatalytic decomposition of alanine was investigated by Matsushita et al.
using proton NMR spectroscopy. lH NMR measurements were carried out in a 5 mm
o.d. NMR sample tube with a FT-NMR spectrometer at 270 MHz. Alanine was
dissolved in D2O containing 1.0 mg of TiO2 with a final pH and concentration of 5.6 and
10 mM, respectively. The solution was irradiated with UV light from a 500 W high-
pressure Hg lamp (> 320 mn) under aerated conditions with rotation at room temperature.
They proposed a degradation pathway for alanine based upon the identification of
reaction intermediates such as acetaldehyde, acetamide, pyruvic acid, acetic acid,
































Figure 6. Proposed photocatalytic degradation route for alanine with TiO2 under UV
light.
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1.4 Oxidative stress on proteins
Oxidative stress on proteins has been widely documented and has been implicated
in neurodegenerative diseases, diabetes, atherosclerosis, and aging which result from the
oxidation ofproteins.111'112 Proteins that are exposed to ROS undergo modifications that
alter protein structure including fragmentation, loss of catalytic activity, carbonyl group
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formation, increase in acidity, change in fluorescence, and formation of disulfide
bridges.113
Jones et al. observed the degradation oftwo peptides angiotensin I and lys-
bradykinin containing one and three proline residues, respectively, by OH" generated
from TiO2 and light. The study was performed by exposing a 20.0 uL aliquot of 2.0
mg/mL of aqueous peptide solutions of angiotensin I and lys-bradykinin to 20.0 mg/mL
of anatase TiO2 under a 200 W 365 nm light. For these experiments, 20.0 mg ofTiO2
particles were placed in a microcetrifuge filter tip. A 20 uL aliquot of 2 mg/mL peptide
solutions were pipetted into the TiO2 particles. The tip was placed in a vial and the TiO2
was illuminated using a 200-W light source with a 365-nm bandpass filter. Jones et al.
also treated Enkephalin and a peptide denoted as A-779, which did not contain proline
residues, with TiO2 and light in a similar manner. After treatment, samples were
centrifuged, and diluted with deionized, unfiltered water and then analyzed by capillary
high performance-Liquid chromatography/mass spectrometry (HPLC/MS). They
observed only one cleavage product instead oftwo during TiO2 treatment of angiotensin I
but the fragment was below the detection limit of the instrument. Four peaks were
observed after the cleavage of lys-bradykinin at the three proline sites. Enkephalin and
peptide 779 whose structure was similar to angiotensin I did not lead to any fragment
peaks. After 30 min, proline residues were found to be more oxidized than the other
amino acid residues in the peptide.114 The OH" was found to be more reactive to the
proline of the peptide due to high electron density from a combination of proline residues
and peptide bonds. Berlett et al. reviewed the literature on the oxidation ofproteins by
OH'produced by ionizing radiation. They concluded that ROS could lead to oxidation of
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amino acid residue side chains, formation ofprotein-protein cross-linkages, and oxidation
of the protein backbone resulting in protein fragmentation.115 Oxidative modification of
proteins can also result in intra- or inter-protein cross-linked derivatives. These
modifications are illustrated in Figure 7 by several mechanisms, including: (a) direct
interaction oftwo carbon centered radicals; (b) interaction oftwo tyrosine radicals; (c)
oxidation of cysteine sulfhydryl groups; (d) interactions of the carbonyl groups of









(c) P.,-Cys-SH + P2-Cys-SH




Figure 7. Formation of protein-protein cross-linked derivatives.
115
Berlett et al. proposed two pathways for the cleavage of proteins by OH', where
R1, R2, and R3 represent alkyl chains (Figure 8). The first pathway (a) is called the
diamide pathway where the polypeptide is cleaved into an amide and an isocyanate. The
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second pathway (b), the a-amidation pathway, cleaves the polypeptide in which the




Figure 8. Peptide bond cleavage by the (a) diamide and (b) a-amidation pathways.129
Domingues et al. investigated the oxidation of a dipeptide composed of tyrosine
and leucine residues by the OH' under Fenton reaction conditions and analyzed the
products by liquid chromatography- tandem mass spectrometry. The dipeptide (200 uM)
was incubated at 37 °C in 200 uL of 5.0 mM ammonium hydrogen carbonate buffer at a
pH of 7.4 that contained 7 uM FeCl2 followed by addition of H2O2. They observed the
formation of oxygen and carbon-centered radicals predominantly at Tyr, but also at
leucine residues. While the role of carbonate-bicarbonate ions were not discussed, they
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concluded the position of the amino acid residue at the N-terminus, other amino acids in
the vicinity, and the peptide bond of the dipeptide strongly affects the location of the
initial radical attack during oxidative treatment before leading to complete degradation to
CO2andH2O.116
1.5 Carbonate chemistry in water
Carbon dioxide, bicarbonate, and carbonate constitute the buffer system in both
blood and natural waters.117 When carbon dioxide gas dissolves in water, a number of
reversible reactions occur based on the pH of the system (Equations 1-16 and 1-17).118 In
this system, carbon dioxide combines with water to form carbonic acid (H2CO3, pKa =
6.37). When 1 atm of CO2 is equilibrated with natural water, H2CO3 forms which rapidly
dissociates to form a bicarbonate ion (1-16). At a higher pH bicarbonate ion further
disassociates to form carbonate ion (1-17). The pH of a system plays a vital part in the
amount ofbicarbonate and carbonate present in an aqueous environment.
CO2 + H2O ^ H2CO3 *t HCO3' + H+ pKa=6.37, 25 °C (1-16)
^ CO32" + H+ pKa= 10.32,25 °C (1-17)
1.5.1 Carbonate radical chemistry
Carbonate radicals (CO3"') can be generated by reacting carbonate and bicarbonate
ions found in natural waters with OH' (Equations 1-18 and 1-19).126
OH" + CO32' ^ OH" + CO3"' (1-18)
OH*+HCO3 ^H2O + CO3' (1-19)
Gross et al. examined the effect of 25 mM HCO3" on the peroxidase activity of copper-
zinc superoxide dismutase (SOD1) at physiological pH conditions.119 SOD1 activity was
measured using a ferricytchrome c reduction assay. To investigate the effect of the
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HCCV, S0D1 was incubated with H2O2 in the presence and absence ofHCCh' and the
SOD1 activity was measured after diluting an aliquot of the reaction mixture with 1.0 mL
of the assay mixture. The peroxidase activity of SOD 1 was amplified in the presence of
HCO3". They hypothesized peroxidase activity was enhanced by HCO3' acting as an
electron donor to form CCV' which then acted as a selective biological oxidant.
There is growing evidence that the generation of CO3'" contributes to aging and
chronic inflammation in humans by damaging proteins.120'121 The CO3"" has an oxidation
potential of 1.78 V, not much lower than the oxidation potential of the OH' (2.3 V).122
While OH' is a more powerful oxidizing agent than CO3'" it has only a very short half life
(10~9) in water.66 CO3"' is stabilized by resonance and has a much longer half life in water
then OH*. In addition to target selectivity of CO3"', it has been reported that the steady-
state concentration of CO3" in nature is higher than OH'. Thus, CO3"', with a longer life
time and more specificity than OH', may play a major role in oxidation in natural
waters.123
The reactivity of the CO3" with amino acids was studied by Chen et al. using
flash photolysis to generate CO3"*. Aromatic amino acids were found to have higher
reaction rates with CO3"' than aliphatic amino acids. The rate constant for the reaction
aromatic amino acids with CO3"' was found to be 108 M"1 s"1, three orders of magnitude
higher than the aliphatic amino acids (105 M"1 s"1).124 They concluded reactivity
difference was based on the reactivity ofthe aromatic group. Huang et al. investigated
the role of CO3"' in the degradation of sulfur containing compounds, thioanisole,
dibenzothiophene (DBT), and fenthion in sunlit waters in the in the presence and absence
of H2O2 under physiological conditions.125 It was found that the degradation of each
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compound was more efficient in the presence of H2O2. They proposed a mechanism that
involved the generation of CO3" which abstracted an electron from sulfur to form a
radical cations, which were then oxidized by dissolved oxygen. Larson et al. observed
the reactivity of CO3'\ produced by the photolysis ofH2O2 in aqueous sodium
bicarbonate (pH 8.3) and carbonate (pH 11.6) solutions with aniline derivatives. While
degradation was detected in both conditions, reactions were faster in the higher pH due to
a higher concentration of carbonate in the system. The effectiveness of CO3"' could be
attributed to the attack of the electron-donating substituents, either on the ring or at the
nitrogen atom which are susceptible to oxidation.126 The results suggest that in
carbonate-rich waters, CO3" may play a significant role in the removal of some aromatic
amines.
DNA has been reported to being susceptible to oxidation by CO3"\ Shafirovich
et al. exposed an oligonucleotide to CO3"dissolved in at buffer solution at a pH of 7.5.
The CO3" was generated by one-electron oxidation of HCO3" with sulfate radical derived
from laser pulse excitation of persulfate anions. After the oligonucleotide was treated
with 300 mM HCO3" while 1.0 M of hot piperidine was added to the solutions for 30 min
and loaded onto a polyacrylamide gel. They utilized a polyacrylamide gel electrophoresis
assay to analyze the effects of exposure DNA to the CO3"\ They observed more cleavage
at guanine residues when compared to the other nucleotides in the DNA strand. Guanine
was found to be more susceptible to oxidation by the CO3"' than the other nucleotides
based on having lowest redox potential among the nucleotides.
1.6 Objective
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The objective of this research is to investigate the effect of sodium bicarbonate on
TiO2 photocatalytic antiviral activity and to study the underlying reactions ofproteins and
amino acids under these conditions.
1.7 Materials and Methods
This section provides briefbackground information on the materials used and
methods performed to complete this research.
1.7.1 MS2 Phage
The bacteriophage MS2 is a model organism for human RNA enteric viruses
recommended by the US EPA.127 MS2 phage is a small (26 nm diameter), non-
enveloped, icosahedra single-stranded plus RNA bacteriophage. The MS2 phage genome
is 3,569 nucleotides long and encodes three genes which are important for structure and
replication.128
1.7.2 Adenoviruses
Human adenoviruses are a specific type of enteric virus that has been found to be
prevalent in rivers, coastal waters, swimming pool waters, and drinking water supplies
worldwide. Human adenoviruses are very small which allows them the ability to escape
the filtration barriers designed to remove bacteria.129 Human adenoviruses have been
documented as being very resistant to wastewater treatment processes and environmental
degradation conditions.130 Thurston-Enriquez et al. studied the effectiveness ofUV
radiation on the inactivation of feline calicivirus (FCV), coliphage MS-2, and adenovirus
(AD40) in phosphate buffered saline and treated groundwater at room temperature. The
AD40 was more resistant than either FCV or coliphage MS-2 in both BDF water and
groundwater. The doses ofUV radiation at 109, 55, and 16 mJ/cm2 were required to
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achieve 99% inactivation ofAD40, coliphage MS-2, and FCV in BDF water respectively.
The doses ofUV required to achieve 99% inactivation ofAD40, coliphage MS-2, and
FCV in groundwater were slightly lower than those in BDF water. They concluded the
adenovirus was the most resistant to UV light when compared to the other viruses.
Adenoviruses are members of the Adenoviridae family, which comprises five
genera and causes infections in mammals and birds.132 There are 51 serotypes divided
and classified into 6 subgroups designated A-F. Subgroups A, D, and F are associated
with gastrointestinal infections while subgroups B, C, and E are associated with
respiratory infections.133 The human adenovirus is a double stranded DNA virus
contained in a non-enveloped icosahedral capsid with fiber-like projections from each of
the 12 vertices.134 The linear double-stranded DNA is about 35 kilobases and encodes
more than 30 structural and non-structural proteins.135 The icosahedral shell is
approximately 90-100 nm in diameter.136 The adenovirus capsid has been well described
and composed of three main proteins: hexon, penton base, and fiber knob (Figure 9).
The adenovirus capsid is composed of 240 hexons and 12 pentons located at each vertex
of the icosahedral capsid.138 The fiber knob located at the base of each penton is







Figure 9. Diagram of the adenovirus.
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The cell entry pathway of the human adenovirus has been well documented and
proceeds as follows: The fiber protein of the human adenovirus initiates entry into the
host cell by facilitating virus adhesion to the cell surface.140 The fiber knob binds to the
host's cell receptor and leads the virus to the cell surface.140 The penton base protein
binds to the av integrin, a co-receptor, which signals for virus intemalization by clathrin-
coated pits.141 The av integrin activates multiple signaling molecules that promote actin
polymerization and inclusion within an endosome.142 The virus particle escapes the
endosome and is transported to the nuclear pore complex. The viral DNA is introduced
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Figure 10. The cell entry pathway of the adenovirus.
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1.7.3 p-galactosidase
P-galactosidase is a protein described as the first structural gene of the lac operon
of E. coli.UA The enzyme, p-galactosidase, has been well documented as a marker for
examining gene expression, p-galactosidase was later described as a tetramer containing
four identical 1,023 amino acid chains with each chain split into five domains with the







Figure 11. Structure of P-galactosidase.
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The active site of p-galactosidase catalyzes the breakdown of lactose into two
monosaccharides, galactose and glucose.146 Itahana et al. utilized P-galactosidase to
monitor the DNA synthesis in human cells.147 More specifically, a method was described
for the detection of cellular senescence. Cellular senescence is the irreversible growth
and altered functions of mitotic cells. A senescence associated P-galactosidase (SA- P-
gal) was a biomarker associated with the senescent phenotype detected by histochemical
staining of cells using the artificial substrate X-gal. This method was convenient, easy to
detect in heterogeneous cell populations and distinguished senescent cells from quiescent
cells. Carvalho et al. investigated the photoinactivtion of sewage bacteria by monitoring
the enzymatic activity of porphyrin derivatives. The photostability of the
photosensitizers was determined by irradiating 2 mL of 1 uM porphyrin solution under
white light at room temperature for 5 h. Enzymatic activity was determined by
measuring initial and final fluorescence followed by conversion to concentration units
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using a calibration curve. They concluded this method could lead could be a promising
technology for an easy assessment of the photoinactivation process.148
1.7.4 Bovine Serum Albumin
Bovine serum albumin (BSA) is one of the most extensively studied proteins, due
to its structural homology with human serum albumin (HSA).149 Bovine serum albumin
is a well-known protein standard utilized during polymerase chain reaction (PCR) and
other enzymatic reactions.150 BSA is often used as a model for proteins due to its
availability, low cost, protein ligand-binding properties.151 BSA is composed of a single
chain of 583 amino acid residues including 17 disulfide bridges which contribute to the
high stability of the protein. BSA is also characterized by a high content of cysteine,
aspartic and glutamic acids, lysine, serine and arginine amino acid residues. BSA has a
molecular weight of 66,500 Da when in solution with an isoelectric point (pi) in a pH
range of 4.8 to 5.6.151
1.7.5 Deoxyribonucleic acid (DNA)
DNA molecules are used for the function and development of living organisms
and viruses. DNA is also responsible for the synthesis of various proteins necessary to
carry out life functions. DNA is composed ofnucleotides that consist of three parts: a
five-carbon sugar, nitrogen-containing organic base, and a phosphoric acid molecule.152
There are four types of nitrogenous bases: adenine (A), thymine (T), guanine (G), and
cystosine (C). DNA base pairs up with each other, A with T and C with G, to form base
pairs. The base pairs become connected through condensation reactions that eliminate
water to produce a chain ofpolymer units.'52
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The methods used to analyze the DNA from treated and untreated the |3-
galactosidase recombinant adenovirus was a DNeasy kit, agarose gel electrophoresis, and
spectrophotometry. The DNeasy kit purifies DNA without need for organic extraction
and precipitation with alcohol. Agarose gel electrophoresis was used to visualize DNA





All the chemical reagents used in these experiments were obtained from
commercial sources as guaranteed-grade reagents and used without further purification.
Alanine, serine, aspartic acid, phenylalanine, tryptophan, and cysteine were purchased
from Acros Organics and Sigma-Aldrich. The tetrapeptide (Met-Arg-Phe-Ala acetate
salt) and the protecting group (di-tert-butyl dicarbonate) were purchased from Sigma-
Aldrich. The P-Galactosidase was purchased from Sigma-Aldrich. Bovine Serum
Albumin (BSA) was purchased from MP Biomedicals. MS 2 phage (Escherichia coli
bacteriophage ATCC 15597-B) and bacterial host Escherichia coli (ATCC 15597) were
purchased from ATCC. P-Galactosidase Recombinant Adenovirus (ADV-002) was
purchased from Cell Biolabs. The embryonal human kidney 293FT cell lines (R700-07)
and Dulbecco's Modified Eagle Medium were purchased from Invitrogen. A DNA
plasmid (PNL4-3), similar in terms of size and ratio of nucleotide to the viral DNA of the
adenovirus, was purchased from Qiagen. Deuterium oxide (99%) was purchased from
Acros Organics. Sodium bicarbonate, calcium chloride, and 2,4-dinitrophenyUiydrazine
(2,4-DNPH) were purchased from Fischer Scientific. The NMR standard, 4,4-dimethyl-
4-silapentane-l-sulfonic acid (DSS), was purchased from Cambridge Isotope
Laboratories. Glass sterile multiwell plates with 6 wells (Catalog number: NC9451103),
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8 w UV light (UVP multira) and NMR tubes of 5 mm diameter were purchased from
Fisher Scientific. The Detergent Compatible (DC) protein assay kit was purchased from
Bio-Rad Laboratories. The chemiluminescent reporter gene assay kit was purchased
from Applied Biosystems. The QuickTiter adenovirus titer immunoassay kit was
purchased from Cell Biolabs. DNeasy Blood and Tissue kit was purchased from Qaigen.
Degussa P25 (TiO2) was purchased from Degussa U.S.A.
2.1 Facilities
The experiments involving the P-Galactosidase Recombinant Adenovirus, P-
Galactosidase, DNA plasmid and DNA extracted from P-Galactosidase Recombinant
Adenovirus were performed in a P2 approved laboratory at Morehouse School of
Medicine. All other work was conducted in a PI facility at Clark Atlanta University.
2.2 Photocatalytic degradation of alanine with TiO2
2.2.1 Photocatalytic degradation of alanine with TiO2 in D2O
The TiO2 photocatalytic treatment of25.0 mM alanine in D2O was carried out in a
6 well glass plate (Fisher scientific, PA) with a height of 35.00 mm and diameter of 17.65
mm covered with the glass lid provided by Fisher Scientific and placed on a rocker at 60
rpm under an 8-Watt UV lamp (365 nm) at a distance of 7 cm at 25 °C. A solution of
25.0 mM of alanine was prepared by dissolving 0.0222 g of alanine in D2O using a 10.0
mL volumetric flask. A 5.0 mL aliquot of the 25.0 mM alanine solution was placed in
one well of the 6 well glass plate. TiO2 photocatalyst (0.005 g) was then added to the
well. The 6 well glass plate was placed on the rocker under UV light. Samples, 900.0
uL, were taken from each well after 2, 5,10, and 18 h of treatment. The TiO2 was
removed by centrifugation (5,000 rpm, 10 min). The solution decanted from the TiO2
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• and stored at -20°C prior to analyzing using NMR spectroscopy. A stock solution of
200.0 mM DSS was prepared by dissolving 0.230 g ofDSS in 5.0 mL ofD2O. The
frozen sample was allowed to thaw by warming at room temperature. The NMR sample
was prepared by mixing a 50.0 uL aliquot of 200.0 mM. DSS and 450.0 uL of treated
alanine solution in an NMR tube (5 mm) capped with a rubber stopper. In a similar
manner, a control experiment was run without the addition of TiO2 following the same
procedure described above.
The !H NMR spectra of alanine were measured using a Brucker 400 FT-NMR
spectrometer. The following optimal experimental parameters for *H NMR were used:
Temperature, 23 °C; relaxation delay, 8.0 s; data points, 32 K; time domain, 32 K;
receiver gain, 4; number ofdummy scans, 2; pulse width, 2.0 us; acquisition time, 2.12
min; spectral width, 4000 Hz; and the number of scans was 256. After the NMR
spectrum is generated, the peaks are integrated with respect to the standard DSS peak.
2.2.2 Photocatalytic degradation of alanine with TiO2 in 10.0 mM sodium
bicarbonate solution
In a manner similar to that above, the TiC>2 photocatalytic treatment of alanine in
10.0 mM sodium bicarbonate was carried out as follows. A solution containing 25.0 mM
of alanine and 10.0 mM of sodium bicarbonate was prepared by dissolving both 0.0222 g
of alanine and 0.00168 g of sodium bicarbonate in D2O using a 10.0 mL volumetric flask.
The rest of the procedure was performed as described in section 2.2.1. In a similar
manner, a control experiment was run without the addition of TiO2 following the same
procedure described above.
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2.2.3 Photocatalytic degradation of alanine with TiO2 in 10.0 mM calcium chloride
solution
The TiO2 photocatalytic treatment of 25.0 mM alanine in 10.0 mM calcium
chloride was carried out by dissolving 0.0223 g of alanine and 0.0111 g of calcium
chloride in D2O using a 10.0 mL volumetric flask. The rest of the procedure was
performed as described in section 2.2.1. In a similar manner, a control experiment was
run without the addition of TiO2 as described above.
2.3 Photocatalytic degradation of aspartic acid, cysteine, phenylalanine, serine, and
tyrosine with TiO2
2.3.1 Photocatalytic degradation of aspartic acid, cysteine, phenylalanine, serine and
tyrosine with TiO2 in D2O
The photocatalytic treatment of aspartic acid, cysteine, phenylalanine, serine and
tyrosine with TiO2 was examined in D2O following the method described in section 2.2.1.
Table 2 lists the amounts of aspartic acid, cysteine, phenylalanine, serine and tyrosine
used to prepare 25.0 mM solutions for each amino acid in 10.0 mL ofD2O. Control
experiments were run for each amino acid without the addition of TiO2 following the
method described above.
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Table 2. Quantity used for preparation of 25.0 mM amino acids used in 10.0 mL of
D2O.
Amino acid Grams in 10.0 mL D2O





2.3.2 Photocatalytic degradation of aspartic acid, cysteine, phenylalanine, serine,
and tyrosine with TiO2 in 10.0 mM sodium bicarbonate solution
The photocatalytic treatment of aspartic acid, cysteine, phenylalanine, serine and
tyrosine with TiO2 was examined in 10.0 mM sodium bicarbonate. The rest of the
procedure for each amino acid was performed in the same manner as in section 2.2.2.
Control experiments were run for each amino acid without the addition ofTiO2 following
the method described above.
2.3.3 Photocatalytic degradation of aspartic acid, cysteine, phenylalanine, tyrosine
by TiO2 in calcium chloride
The photocatalytic treatment of each amino acid with TiO2 was examined in 10.0
mM calcium chloride. The rest of the procedure for each amino acid was performed in a
manner similar to section 2.2.3. Control experiments were run for each amino acid
without the addition of TiO2 following the method described above.
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2.4 Photocatalytic degradation of a tetrapeptide with TiO2
2.4.1 Photocatalytic degradation of tetrapeptide containing protection group with
TiO2inD2O
The TiCh photocatalytic treatment of tetrapeptide Met-Arg-Phe-Ala acetate salt
containing a protecting group (di-fert-butyl dicarbonate) on the amino group of
methionine was carried out in a 6 well glass plate (Fisher scientific, PA) with a height of
35.00 mm and diameter of 17.65 mm covered with the glass lid provided by Fisher
Scientific and placed on a rocker at 60 rpm under an 8-Watt UV lamp (365 nm) at a
distance of 7 cm at room temperature. A solution of the tetrapeptide containing a
protecting group was prepared by reacting 0.010 g of the tetrapeptide with 0.131 g of di-
tert-butyl dicarbonate and dissolving in 10.0 mL ofD2O. A 5.0 mL aliquot of the
solution was placed in one well of the 6 well glass plate. TiC^ photocatalyst (0.005 g)
was then added to the well. The 6 well glass plate was placed on the rocker under UV
light. Samples were taken before photolysis and after 2, 5,10, and 18 h of treatment.
The TiC>2 was removed by centrifugation (5,000 rpm, 10 min). The solution was
decanted from the TiO2 and stored at -20 °C prior to analyzing using NMR spectroscopy.
A stock solution of 200.0 mM 4,4-dimethyl-4-silapentane-l-sulfonic acid (DSS) was
prepared by dissolving 0.230 g of DSS in 5.0 mL ofD2O. The frozen sample was
allowed to thaw by warming to room temperature. The NMR sample was prepared by
mixing a 50.0 uL aliquot of 200.0 mM. DSS and 450.0 uL of treated tetrapeptide
solution in an NMR tube (5 mm) capped with a rubber stopper. Samples were analyzed
by NMR using the optimal experimental parameters described in section 2.2.1. In a
similar manner, a control experiment was run without the addition of TiC>2 following the
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same procedure described above. In a similar manner, another experiment was run in
absence of protecting groups following the same procedure described in this section.
2.4.2 Photocatalytic degradation of tetrapeptide containing protection group with
TiO2 in 10.0 mM sodium bicarbonate solution
In a manner similar to that above, the TiO2 photocatalytic treatment of
tetrapeptide in presence of 10.0 mM sodium bicarbonate was carried out as follows: A
solution containing tetrapeptide with the protecting group and 10.0 mM of sodium
bicarbonate was prepared by dissolving 0.010 g of the tetrapeptide, 0.131 g of di-tert-
butyl dicarbonate, and 0.00168 g sodium bicarbonate in 10.0 mL ofD2O for 10 min. The
rest of the procedure was performed as described in the previous section. In a similar
manner, a control experiment will be run without the addition of TiCh following the same
procedure described above. In a similar manner, another experiment was run in the
absence ofprotecting groups following the same procedure described above.
2.4.3 Photocatalytic degradation of tetrapeptide containing protection group with
TiC>2 in 10.0 mM calcium chloride solution
The TiC>2 photocatalytic treatment of the tetrapeptide in calcium chloride was
carried out as follows: A solution containing tetrapeptide with the protecting group and
10.0 mM of calcium chloride was prepared by dissolving 0.010 g of the tetrapeptide,
0.131 g of di-tert-butyl dicarbonate, and 0.0111 g of calcium chloride in 10.0 mL ofD2O.
The rest ofthe procedure was performed as described in section above. In a similar
manner, a control experiment was run without the addition of TiC>2 as described above.
In a similar manner, another experiment was run without the addition of protecting
groups following the same procedure described above.
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2.5 Photocatalytic degradation of Bovine Serum Albumin with TiO2
2.5.1 Photocatalytic activity of Bovine Serum Albumin with TiCh in sterile water
Photocatalytic treatment of Bovine Serum Albumin (BSA) in sterile water was
carried out in a 6 well glass plate with a height of 35.00 mm and diameter of 17.65 mm
covered with the Fisher Scientific glass lid and placed on a rocker at 60 rpm under an 8
Watt UV lamp (365 nm) at a distance of 7 cm at room temperature. A solution ofBSA at
1.0 mg/mL was prepared by dissolving 0.030 g ofBSA in 30.0 mL of sterile water. A 5.0
mL aliquot of that BSA suspension was placed in the one well of the 6 well glass plate.
The TiC>2 photocatalyst (0.005 g) was then added to the well. Samples, 1.0 mL, were
taken at 6, 12, and 24 h of treatment. The T1O2 was removed by centrifugation (5,000
rpm, 10 min). Samples were stored in -20 °C prior to analyzing using the DC Protein
Assay and 2,4-dinitrophenylhydrazine (2,4-DNPH) test as described below. In a similar
manner, a control was run without the addition of TiC>2 using the same procedure as
above.
2.5.2 Photocatalytic degradation of Bovine Serum Albumin with TiO2 in 10.0 mM
sodium bicarbonate solution
The TiC>2 photocatalytic treatment ofBSA in presence of sodium bicarbonate was
carried out as follows: A solution containing BSA at a concentration of 1.0 mg/mL and
10.0 mM sodium bicarbonate was prepared by dissolving both 0.030 g ofBSA and
0.0252 g of sodium bicarbonate in 30.0 mL of sterile water. The rest of the procedure was
performed as described in section 2.5.1. In a similar manner, a control was run without
the addition of TiO2 using the same procedure as above.
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2.5.3 Photocatalytic degradation of Bovine Serum Albumin with TiO2 in 10.0 mM
calcium chloride solution
The TiO2 photocatalytic treatment of Bovine Serum Albumin (BSA) in 10.0 mM
calcium chloride was carried out as follows. A solution containing BSA at a
concentration of 1.0 mg/mL and 10.0 mM of calcium chloride was prepared by
dissolving 0.030 g ofBSA and 0.0333 g of calcium chloride in 30.0 mL of sterile water.
The rest of the procedure was performed as described in section 2.5.1. In a similar
manner, a control was run without the addition of TiC>2 using the same procedure as
above.
2.6 Photocatalytic degradation of Bovine Serum Albumin at pH 8.2 in sterile water
and 10.0 mM calcium chloride
2.6.1 Photocatalytic degradation of Bovine Serum Albumin at pH 8.2 in sterile water
The photocatalytic treatment of Bovine Serum Albumin (BSA) in sterile water
was carried out as described in section 2.5.1. Prior to photolysis, the pH of sterile water
was adjusted to 8.2 pH using 5.0 \iL of 1.0 M NaOH. The pH was verified by using an
Accumet Research pH meter (Fisher Scientific).
2.6.2 Photocatalytic degradation of Bovine Serum Albumin at pH 8.2 in 10.0 mM
calcium chloride solution
The photocatalytic treatment of Bovine Serum Albumin (BSA) in 10.0 mM
calcium chloride was carried out as described in section 2.5.3. Prior to photolysis, the pH
of the 10.0 mM calcium chloride solution was adjusted to 8.2 pH using 5.0 uL of 1.0 M
NaOH. The pH was verified by using an Accumet Research pH meter (Fisher Scientific).
2.7 DC Protein Assay
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The DC protein assay was carried out by adding 25.0 uL of treated BSA sample
to a sterile disposable polypropylene centrifuge tube. A 125.0 uL aliquot of Reagent A,
an alkaline copper tartrate solution, was added to the tube then 1.0 mL of Reagent B, a
dilute Folin Reagent, was added to the solution and vortexed. The tube was then
incubated for 15 min at room temperature. After incubation, the absorbance of the
sample was measured at 750 nm using a Cary 500 UV-Vis spectrophotometer.
2.8 Determination of oxidized BSA after Photocatalytic TiO2 treatment
A 5.0 mM solution of2,4-DNPH was prepared by dissolving 0.020 g in 10.0 mL
of 2.0 M HC1. An aliquot of 500.0 uL of treated BSA sample was added to a sterile
disposable polypropylene centrifuge tube. An aliquot of 35.0 uL ofDNPH was added to
solution and tube was placed into a 37 °C incubator for 15 min. After incubation, an
aliquot of 160.0 p,L of 1.0 M KOH was added immediately to the tube. The tube was then
incubated for 5 min at room temperature. The absorbance of the sample was measured at
427 nm using a Cary 500 UV-Vis spectrophotometer. To obtain the optimum
concentration of 2,4-DNPH, a calibration curve was constructed by plotting the
absorbance at 427 nm vs. different concentrations of2,4-DNPH.
2.9 Photocatalytic degradation of p-Galactosidase with TiO2
2.9.1 Photocatalytic activity of p-Galactosidase with TiO2 in sterile water
The TiO2 photocatalytic treatment of P-galactosidase in sterile water was carried
out in a 6 well glass plate with a height of 35.00 mm and diameter of 17.65 mm covered
with the Fisher Scientific glass lid and placed on a rocker at 60 rpm under an 8-Watt UV
lamp (365 nm) at a distance of 7 cm at room temperature. The P-galactosidase was
received at a concentration of 1.0 mg/mL in 0.1 M NaH2PO4 and 0.1% BSA. To stabilize
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P-galactosidase samples, a buffer composed of 0.1% BSA and lysis solution was
prepared by dissolving 0.010 g ofBSA in 10.0 mL lysis solution. A stock solution was
prepared by mixing 10.0 |j.L of p-galactosidase with 990.0 uL of the aforementioned
buffer. An aliquot of 100.0 uL from the p-Galactosidase in lysis solution containing
0.1% BSA and an aliquot of 1,900 uL of sterile water were placed in the one well of the 6
well glass plate. The TiO2photocatalyst (0.002 g) was then added to the well. The 6 well
glass plate was placed on the rocker under UV light. Samples, 250.0 \iL, were taken at 30
and 60 min of treatment. The TiO2 was removed by centrifugation (5,000 rpm, 10 min).
Samples were stored in -20 °C prior to analyzing using the chemiluminescence test as
described below. In a similar manner, a control was run without the addition of TiO2
using the same procedure as above.
2.9.2 Photocatalytic activity of p-galactosidase with TiO2in 10.0 mM sodium
bicarbonate solution
The TiO2 photocatalytic treatment of p-galactosidase in presence of bicarbonate
was carried out as follows. The 10.0 mM of sodium bicarbonate was prepared by
dissolving 0.00840 g of sodium bicarbonate in 10.0 mL of sterile water. The rest of the
procedure was performed in the same manner as in section 2.9.1. In a similar manner, a
control was run without the addition of TiO2 using the same procedure as above.
2.9.3 Photocatalytic activity of p-galactosidase with TiO2in 10.0 mM calcium
chloride solution
The TiO2 photocatalytic treatment of P-galactosidase in 10.0 mM calcium
chloride was carried out as follows. The 10.0 mM of calcium chloride was prepared by
dissolving 0.0111 g of calcium chloride in 10.0 mL of sterile water. The rest of the
procedure was performed in the same manner as in section 2.9.1. In a similar manner, a
control was run without the addition of TiO2 using the same procedure as above.
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2.10 Quantification of p-galactosidase activity
The detection of P-galactosidase activity was carried out using the Galcto-Light
Plus chemiluminescent reporter gene assay kit (Promega). An aliquot of 10.0 uL
Galacton-Plus was diluted with 990.0 u.L of reaction buffer diluent from the assay kit to
make reaction buffer. A sample of treated P-galactosidase, 20.0 uL, was added to 70.0
uL of reaction buffer and transferred to a well in a 96 well microplate with a length of
127.76 mm and width of 85.48 mm. The 96 well microplate was incubated for 60 min at
room temperature. The luminescence was measured using a Lmax microplate
luminometer. During incubation, 100.0 uL of Light Emission Accelerator-II was
equilibrated to room temperature added to the well via an injector attached to the
luminometer. To obtain the optimum incubation period, a calibration curve was
constructed by plotting the amount of relative light units formed vs. time.
2.11 Photocatalytic activity of TiO2on MS 2 Phage
2.11.1 TiO2 Photocatalytic Inactivation of MS2 phage as a Function of Time and
Bicarbonate Concentration
TiC>2, at a concentration of 1.0 mg/mL, was added to MS2 suspensions
(approximately 2.0xl04phage particles/mL) in 2.0, 5.0,10.0,20.0, 50.0, and 100.0 mM
bicarbonate and illuminated under an 8 Watt UV lamp (365 nm) at a distance of 7 cm at
room temperature. Samples, 20.0 uL, were collected after 10,25, and 45 min of
treatment. The TiO2 was removed by centrifugation at 5,000 rpm for 10 min and the
sample was serially diluted with IX phosphate buffered saline (PBS) (137.0 mM NaCl,
10.0 mM phosphate, 2.7 mM KC1 at a pH of 7.4) and processed to measure plaque
forming unit (PFU). Phage enumeration was carried out by placing an aliquot of 20.0 uL
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of each virus dilution in PBS onto plates seeded with the host bacteria. Plaque forming
units were counted after overnight incubation at 37 °C.
2.12 Propagation of p-galactosidase Recombinant Adenovirus
The P-galactosidase recombinant adenovirus stock was propagated in embryonal
human kidney 293FT cell lines before use in experiments according to the following
protocol. The 293FT cells were maintained in an incubator at 37 °C inside with
humidified air containing 5% CO2 and were fed with Dulbecco's Modified Eagle
Medium. The virus stock was inoculated onto sub-confluent 293FT cellular monolayers
at a target multiplicity of infection (MOI) of 10-200 plaque forming unit (PFU)/cell. The
medium used for suspending viruses was Dulbecco's Modified Eagle Medium. Following
inoculation, the infected cell monolayers were incubated at 37 °C with humidified air
containing 5% CO2 and were fed Dulbecco's Modified Eagle Medium. The infected cells
were harvested after 2-3 days post-infection when the cells showed cytopathic effect
(CPE). Cells were dislodged using a cell scraper. Release of the adenovirus from cell
suspension was carried out through three cycles of freeze-thaw. Cell debris and released
virus were centrifuged and collected at 3,000 g for 10 min at room temperature. The
pellet was discarded and the supernatant was saved in a 2.0 mL Eppendorf
microcentrifuge tube. The supernatant was stored at -80 °C until used. The final titer was
in the range of 5xl08 to lxlO12 PFU/mL was determined by the QuickTiter adenovirus
titer immunoassay kit.
2.13 Photocatalytic Activity of TiO2 on p-galactosidase Recombinant Adenovirus
2.13.1 Photocatalytic Activity of TiO2 on p-galactosidase Recombinant Adenovirus
in sterile water
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The TiC>2 photocatalytic treatment of p-galactosidase recombinant adenovirus in
sterile water was carried out in a 6 well glass plate with a height of 35.00 mm and
diameter of 17.65 mm covered with the Fisher Scientific glass lid and placed on a rocker
at 60 rpm under an 8-Watt UV lamp (365 nm) at a distance of 7 cm at room temperature.
A stock solution of P-galactosidase recombinant adenovirus was received at a
concentration of 50.0 ug/mL, lxl011 virus particles (VP)/mL. Prior to adenovirus
treatment by TiO2, a 6 well glass plate of293FT cell culture was prepared in Dulbecco's
Modified Eagle Medium and maintained in an incubator at 37 °C inside with humidified
air containing 5% CO2. An aliquot of 1.0 uL of p-galactosidase recombinant adenovirus
stock solution was added to 1.0 mL of PBS in one well in a 6 well glass plate. The TiO2
photocatalyst (0.001 g) was then added to the well. The 6 well glass plate was placed on
the rocker under UV light. Samples, 150.0 uL, were taken after 30, 60, and 120 min of
treatment. The TiO2 was removed by centrifugation (5,000 rpm, 5 min). An aliquot of
150.0 uL from the supernatant was then added to 2.0 mL of Dulbecco's Modified Eagle
Medium. The media in the 6 well glass plate containing the 293FT cells was removed
and replaced by the media containing the treated sample. The 6 well glass plate
containing the treated sample and 293FT cells was placed in an incubator at 37 °C inside
with humidified air containing 5% CO2. After two hours of incubation, the Dulbecco's
Modified Eagle Medium was removed and 2.0 mL of fresh Dulbecco's Modified Eagle
Medium was added to the well and incubated for two days. After two days of incubation,
the media was pipetted off and cells are washed once with 2.0 mL of PBS. The PBS was
removed and 200.0 uL of lysis solution was added to the well and incubated in 4 °C for
15 min prior to the cells being removed from the well. The sample was centrifuged for 5
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min at maximum speed and supernatant was transferred to an Eppendorf tube. The
sample was stored in -80 °C prior to analyzing using the chemiluminescence test as
described below. In a similar manner, a control was run without the addition of TiO2
using the same procedure as above.
2.13.2 Photocatalytic Activity of TiO2 on p-galactosidase Recombinant Adenovirus
in 10.0 mM sodium bicarbonate solution
A solution of 10.0 mM of sodium bicarbonate was prepared by dissolving
0.00168 g of sodium bicarbonate in 10.0 mL of sterile water. The rest of the procedure
was performed in the same manner as in section 2.13.1. In a similar manner, a control
was run without the addition of TiO2 using the same procedure as above.
2.14 Detection of P-galactosidase activity in infected cells
The assay was carried out as follows, using the chemiluminescent reporter gene
assay kit (Applied Biosystems). An aliquot of 10.0 uL Galacton-Plus was diluted with
990.0 uL of reaction buffer. A treated viral sample, 20.0 uL, and 70.0 uL of reaction
buffer are both transferred to the same well in a 96 well microplate. The plate was
incubated for 60 min at room temperature and then placed in a luminometer. During
incubation, 100.0 uL of Light Emission Accelerator-II was equilibrated to room
temperature and added to the well via an injector attached to the luminometer. To obtain
the optimum incubation period, a calibration curve was constructed by plotting the
amount ofrelative light units formed vs. time.
2.15 Purification of Total DNA from p-galactosidase Recombinant Adenovirus
using DNeasy Blood and Tissue kit
The procedure provided by Qiagen was used as follows153: an aliquot, 100.0 uL,
of a TiO2 treated adenovirus sample from section 2.13.1 was added to 20.0 \iL of
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proteinase K in a 2.0 mL microcentrifuge tube. An aliquot of 220.0 [xL ofPBS and 200.0
|j,L of Buffer AL were added to the tube. The tube was mixed thoroughly by vortexing
and incubated at 56 °C for 10 min. Ethanol (96-100%), 200.0 uL, was added to the tube
and vortexed thoroughly. The sample was transferred into a DNeasy Mini spin column
placed into a 2.0 mL collection tube and centrifuged (8,000 rpm, 1 min). The collection
tube was discarded and the DNeasy Mini spin column was placed into new 2.0 mL
collection tubes. An aliquot of 500.0 |j.L Buffer AW1 was added to the column and tube
was centrifuged (8,000 rpm, 1 min). The collection tube was discarded and the DNeasy
Mini spin column was placed into a new 2.0 mL collection tube. An aliquot of 500.0 |xL
Buffer AW2 was added to the tube and centrifuged (14,000 rpm, 3 min). After discarding
the collection tube, the DNeasy Mini spin column was placed in a clean 2.0 mL
microcentrifuge tube and an aliquot of 200.0 |jL of Buffer AE was pipetted directly onto
the DNeasy membrane. The sample was incubated at room temperature for 1 min and
then centrifuged (8,000 rpm, 1 min) to elute. For maximum DNA yield, this step was
repeated again to increase overall DNA yield. Samples were stored at -80 °C until they
could be analyzed using agarose gel electrophoresis as described below.
2.16 Agarose Gel Electrophoresis
Agarose gel electrophoresis is a technique used to separate DNA fragments according to
DNA fragment size. An aliquot of 20.0 uL ofDNA sample was mixed with 4.0 uL of
DNA loading dye. Then a 1% agarose gel was made by dissolving 1.0 g of agarose in
100.0 mL of IX TAE buffer in heat. The agarose gel was cast with the comb in place
and allowed to solidify. When the gel has solidified well after 15-30 min, the comb was
removed. An aliquot of 5.0 uL ofDNA marker was added to the first well. The entire
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aliquot ofDNA and DNA sample buffer was loaded into one well of the gel. The gel was
submerged in IX TAE for 30-60 min at 80 volts. The results of the gel electrophoresis
were viewed on a Benchtop UV transilluminator.
2.17 Detection ofDNA concentration
The quantity of the adenoviral DNA was assessed by using a Nanodrop 1000
spectrophotometer from Thermo Scientific. After following the protocol listed in the
DNeasy kit, the DNA sample was analyzed as follows. The procedure to wash and blank
the NanoDrop pedestal was a follows: The upper arm of the NanoDrop was lifted and an
aliquot of 5.0 uL sterile water was placed on the lower pedestal. The upper arm is
lowered. After 1 min, the upper arm was lifted and both the upper and lower pedestals
wiped vigorously. Next, an aliquot of 2.0 uL ofTAE buffer is placed on the lower
pedestal. The blank button on the software was clicked and the measurement was made.
After the measurement, the upper arm was lifted and dried a cleaning wipe. An aliquot of
1.0 uL treated DNA sample was then placed onto the sample holder. The concentration




A wide range of studies have been carried out to determine the effect of ions
present in aqueous solutions on TiC>2 photocatalytic activity. In general these ions
hindered the photocatalytic activity by interacting with the photocatalyst surface and
reducing the available TiO2 surface area to substrates rather than scavenging OH" in
solution.169'170 Guillard et al. studied the effect of inorganic salts on the TiO2
photocatalytic oxidation of methylene blue (MB) in acidic and basic solutions.171 They
reported that the decrease in photocatalytic efficiency observed was due to the formation
of a layer of inorganic anions on the surface of the T1O2. The anion interference with
TiO2 photocatalytic activity decreased in the following order: NO3" > Cl" > SO4 " > PO4 "
> CO32'. While they did not specify the pHs studied, they observed an increase in
photocatalytic efficiency of TiO2 in presence of inorganic salts in basic solutions when
compared to the acidic solutions, due to an increase in surface density of adsorption sites
on TiO2 rather than the higher concentration of OH' ions. Carbon dioxide, carbonate,
and especially bicarbonate are species of interest because of their presence in natural
aqueous environments.
The objective of this work was to investigate the effect ofbicarbonate ion, both
added and formed upon the photocatalytic oxidation of substrates,
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on T1O2 photocatalytic activity on the inactivation of viruses and enzymes, and the
oxidation ofproteins and amino acids. We examined the TiO2 photocatalytic inactivation
ofMS2, a single stranded RNA bacterial phage used as a model for human enteric
viruses,127 and adenovirus, a double stranded DNA human enteric virus.134 Three
proteins, p-galactosidase an enzyme that catalyzes the breakdown of lactose into
galactose and glucose, Bovine Serum Albumin a well-known transporter protein derived
from the blood plasma of cows, and a tetrapeptide were examined. The kinetics of
photocatalytic T1O2 oxidation of alanine, aspartic acid, cysteine, phenylalanine, serine,
and tyrosine were also studied. These experiments were conducted in sterile water with
and without added bicarbonate and in some cases in the presence of Ca"1"1" to remove
bicarbonate formed in solution by photocatalytic oxidation of the substrate.
3.1 Photocatalytic TiO2 inactivation of MS2 phage as a function of bicarbonate
concentration
As discussed in section 1.7.1, MS2 phage is a well-characterized, non-enveloped
single stranded RNA virus often used as a model for human enteric viruses.127 MS2
phage suspensions (approximately 2.30 x 104 phage particles/mL) and 1.0 mg/mL of
TiO2 were illuminated under UV light (365 run) for 10,25, and 45 min with 0 (pH 6.3),
2.0 (pH 7.1), 5.0 (pH 7.6), 10.0 (pH 8.2), 20.0 (pH 9.1), 50.0 (pH 10.6), and 100.0 mM
(pH 11.0) sodium bicarbonate in sterile water. Samples, 20.0 uL, were collected after 0,
10,25, and 45 min of photolysis. The TiO2 was removed by centrifugation at 5,000 rpm
for 10 min and the samples were serially diluted by factors of 2, 8, and 16 with phosphate
buffered saline (PBS) (137.0 mM NaCl, 10.0 mM phosphate, 2.7 mM KC1 at a pH of
7.4). Similar experiments were performed as controls without TiO2 in sterile water, with
TiO2 in sterile water, and without TiO2 in bicarbonate. Phage enumeration was carried
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out by spreading 20.0 uL aliquots of the diluted MS2 suspensions onto lawns ofE. coli
K12. The plates were incubated at 37 °C overnight and the plaques counted. Table 3
gives the plaque forming units (PFUs) determined for each experiment as function of
time and bicarbonate concentration. The photocatalytic inactivation ofMS2 phage
suspensions was considerable when exposed to TiC>2 in water alone, MS2 decreasing by
28% and 98% after treatment for 10 and 45 min, respectively. The rate of the MS2
photocatalytic inactivation increased slightly in 2.0 and 5.0 mM bicarbonate relative to
TiC>2 in water, and at 10.0 mM bicarbonate and above the MS2 was completely
inactivated in 10 min or less. Based on these results, we decided to use 10.0 mM sodium
bicarbonate for the rest of our studies. In sterile water alone, it is generally accepted that
the OH" is the major contributor to MS2 photocatalytic inactivation with TiC>2.158 The pH
ofnewly prepared suspensions of 1.0 g/mL of TiO2, Degussa P25, in sterile water were
determined to be 6.41 and were observed to increase only slightly in the dark and with
365 nm irradiation when open to the air for up to 180 min as show in Table 4.
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Table 3. Photocatalytic TiO2 inactivation ofMS2 Phage as a function of sodium bicarbonate concentration and
irradiation time at 365 nm.
Tests containing lmg/mL TiO2
Bicarbonate (mM)
OO IS) 5X) 1O0 2O0 5O0 100.0 (XO
(min) NoTiO2
~~0 2.30 x 104 2.30 xlO4 2.30 x 104 2.30 x 104 2.30 x 104 2.30 x 104 2.30 x 104 2.30 x 104
10 1.65 xlO4 5.90 xlO3 5.00 x 102 0 0 0 0 9.85 x 103
25 1.55 xlO3 3.20 x 103 0 0 0 0 0 2.00 x 103
45 4.25 xlO2 2.00 x 102 0 0 0 0 0 5.75 x 102
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Table 4. pH of 1 g/mL TiC^ suspensions in sterile water in the dark and under 365




















3.1.1 Photocatalytic TiO2 treatment of MS2 Phage as a function of calcium chloride
concentration
During the T1O2 photocatalytic oxidation of substrates in water, carbon dioxide
was formed which is then converted to carbonic acid in water which ionizes to
bicarbonate and carbonate ions depending on the pH of the systems.118 We examined the
photocatalytic inactivation ofMS2 in the presence ofTiO2 and calcium chloride (CaCl2)
to remove bicarbonate and carbonate ions as formed. MS2 phage suspensions
(approximately 4.50 x 104 phage particles/mL) and 1.0 mg/mL of TiO2 suspensions were
illuminated under UV light (365 nm) for 10,25, and 45 min with 2.0 (pH 6.0), 5.0 (pH
6.2), 10.0 (pH 6.3), 20.0 (pH 6.5), 50.0 (pH 6.6), and 100.0 (pH 6.7) mM calcium
chloride. The experiment was also conducted in sterile water with 1.0 mg/mL TiO2 using
the same MS2 phage suspension. Samples, 20.0 (J.L, were collected after 0, 10,25, and
45 min of treatment. The TiO2 was removed by centrifugation at 5,000 rpm for 10 min
and the sample was serially diluted by factors of 2, 8, and 16 with phosphate buffered
saline (PBS) (137.0 mM NaCl, 10.0 mM phosphate, 2.7 mM KC1 at a pH of 7.4). A
similar experiment was performed in sterile water with CaCl2 without the addition of
TiO2 as a control. Phage enumeration was carried out by spreading 20.0 uL aliquots of
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the diluted MS2 suspensions onto lawns ofE. coli K12. The plates were incubated at 37
°C overnight and the plaques counted. Table 5 represents the plaque forming units
(PFUs) determined for each experiment as function of time and calcium chloride
concentration. The photocatalytic inactivation ofMS2 phage suspensions was substantial
when exposed to TiC>2 in water alone, increasing by 36% and 99% after treatment for 10
and 45 min of treatment, respectively. The rate of the MS2 inactivation with 2.0 mM
calcium chloride was similar to TiO2 in water alone and in 5.0 mM calcium chloride was
slightly slower. MS2 inactivation decreased by 14% and 78% in 10.0 and 100 mM
calcium chloride after 45 min of treatment, respectively. Based on these results we
decided to limit the rest our investigations to 10.0 mM calcium chloride.
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Table 5. Photocatalytic TiO2 inactivation of MS2 Phage as a function of time and calcium chloride concentration.
Tests containing lmg/mL TiC>2
Calcium chloride (mM)
Time Sample 2.0 5.0 10.0 20.0 50.0 100.0 0.0
(min) No TiO2
~~0 4.50 xlO4 4.50 xlO4 4.50 x 104 4.50 x 104 4.50 x 104 4.50 x 104 4.50 x 104 4.50 x 104
10 1.65 xlO4 1.95 xlO4 2.40 x 104 3.40 x 104 3.60 x 104 3.95 x 104 4.20 x 104 9.85 x 103
25 1.55 xlO3 1.70 xlO3 1.99 x 103 7.70 x 103 9.65 x 103 3.55 x 104 3.85 x 104 4.00 x 103
45 4.21 xlO2 4.92 x 102 8.00 x 102 6.30 x 103 7.55 x 103 3.15 x 104 3.55 x 104 5.75 x 102
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3.2 Photocatalytic activity of adenovirus with TiC>2
Further studies were conducted with p-galactosidase recombinant adenovirus, a
non-enveloped double-stranded DNA virus, structurally similar to MS2 phage but
containing fiber-like projections from each of its vertices. The recombinant virus strain
of adenovirus used produces P-galactosidase which allowed the use of a luminescent
assay for enumeration of the virus. A Tropix Galacto-Star chemiluminescent reporter
assay was utilized to detect P-galactosidase present in 293 human kidney cells after
infection with treated adenovirus samples. This modern molecular technique can be used
without propagating significant amounts of virus stock while the inactivation of
adenovirus can be evaluated by quantifying p-galactosidase activity instead of counting
PFUs. Numerous applications using this technique have been documented in viral
function assays and gene therapy.173'174 Adenovirus samples to be enumerated were
incubated with 293 human kidney cells and the cells were lysed. The supernatant was
collected, then incubated at 37 °C with Galacton-Plus 1,2-dioxetane substrate,
luminescence enhancer added, and light emission read with a luminometer (Figure 12).
P-Galactosidase activity was observed by measuring relative light units (RLU).
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Figure 12. The reaction for the detection of P-galactosidase activity.
172
The results of photocatalytic treatment of P-galactosidase adenovirus with TiC>2
over a 120 min period are shown in Figure 13. The photocatalytic inactivation of the
adenovirus was significant when exposed to TiO2 in sterile water alone, with activity
dropping by 23%, 57% and 83% after treatment for 30, 60, and 120 min, respectively.
However, the photocatalytic inactivation of the adenovirus was substantial when exposed
to TiC>2 in 10.0 mM sodium bicarbonate, with infectivity dropping by 54%, 77% and 96%
after treatment for 30, 60, and 120 min of treatment, respectively. The presence of 10.0
mM sodium bicarbonate increased TiC>2 viral inactivation by 13% when compared to
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Figure 13. Inactivation of P-galactosidase adenovirus under photocatalytic treatment
with TiO2 dark, TiO2 UV light, 10 mM sodium bicarbonate dark, and 10 mM sodium
bicarbonate, TiO2, and light as a function of time.
3.3 Photocatalytic activity of p-galactosidase with TiO2
Photocatalytic degradation studies were conducted at the protein level using P-
galactosidase, an enzyme that catalyzes the breakdown of lactose into two
monosaccharides, galactose and glucose.146 The results of the TiO2 treatment with p-
galactosidase in sterile water, with 10.0 mM sodium bicarbonate and 10.0 mM calcium
chloride solutions over a 60 min period are shown in Figure 14. p-galactosidase activity
was reduced noticeably with TiO2 in sterile water, 10.0 mM sodium bicarbonate, and
10.0 mM calcium chloride when compared to the controls (no TiO2 present). Enzymatic
activity was considerably reduced with TiO2 in sterile water by 60% and 78% after 30
and 60 min of treatment, respectively. However, TiO2 in 10.0 mM sodium bicarbonate
reduced enzymatic activity by 83% and 95% after 30 and 60 min, respectively.
Enzymatic activity with TiO2 in 10.0 mM calcium chloride for 30 and 60 min was
slightly reduced by 22% and 50%, respectively. The presence of bicarbonate with TiO2
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reduced enzymatic activity by 17% and 45% after 60 min of treatment when compared to
TiO2 photolysis in sterile water and 10.0 mM calcium chloride, respectively. 0-
galactosidase was also treated with TiO2 in sterile water, 10.0 mM sodium bicarbonate
and 10.0 mM calcium chloride solutions in the dark in a manner similar to above over a
60 min period. Figure 15 shows we did not observe a decrease in the activity of 0-










Figure 14. Reduction of |3-galactosidase activity under photocatalytic treatment in sterile
water no TiO2, sterile water with 1 mg/mL TiO2, 10.0 mM sodium bicarbonate no TiO2,
10.0 mM sodium bicarbonate with 1 mg/mL TiO2, 10.0 mM calcium chloride no TiO2,













Figure 15. Reduction of P-galactosidase activity in the dark in sterile water no TiO2,
sterile water with 1 mg/mL T1O2, 10.0 mM sodium bicarbonate no TiO2, 10.0 mM
sodium bicarbonate with 1 mg/mL TiO2, 10.0 mM calcium chloride no TiCh, and 10.0
mM calcium chloride with TiC^ as a function of time.
3.4 Photocatalytic degradation of Bovine Serum Albumin with TiCh
The photocatalytic degradation of Bovine Serum Albumin (BSA), a well-known
transporter protein derived from the blood plasma of cows widely used in biochemical
research due to low cost, was also studied.150'151 The photocatalytic degradation of BSA
was analyzed using the Detergent Compatible (DC) protein colorimetric assay. The DC
protein colorimetric assay is based on the complexation reaction between protein amid
groups and copper in an alkaline solution, and subsequent reduction of Folin reagent by
copper protein complex.175 This complex reaction is analogous to the Biuret reaction















Figure 16. Diagram of Biuret reaction.
The results of the photocatalytic degradation ofBSA with TiO2 in sterile water,
10.0 mM sodium bicarbonate and, 10.0 mM calcium chloride after 6,12 and 24 h of
treatment are shown in Figure 17. Figure 17 shows that when BSA was irradiated with
TiO2 in sterile water, the protein content decreased by 9%, 35%, and 61% after 6,12, and
24 h, respectively. Photocatalytic degradation ofBSA was enhanced in 10.0 mM sodium
bicarbonate relative to water, with protein content decreasing by 28%, 62%, and 83%
after 6,12, and 24 h of treatment, respectively. However, when BSA was irradiated with
TiO2 in 10.0 mM calcium chloride the rate of degradation was slower than in water alone,
with the protein content reduced by 8%, 20%, and 42% after 6,12, and 24 h of
irradiation, respectively. Thus, added bicarbonate increased rated of TiO2 photocatalytic












Figure 17. The protein content of Bovine Serum Albumin under photocatalytic treatment
in sterile water no TiO2, sterile water with 1 mg/mL TiO2, 10.0 mM sodium bicarbonate
no TiO2, 10.0 mM sodium bicarbonate with 1 mg/mL TiO2, 10.0 mM calcium chloride no
TiO2, and 10.0 mM calcium chloride with TiO2 as a function of time.
3.4.1 Photocatalytic degradation of Bovine Serum Albumin with TiC>2 at pH 8.2 in
sterile water and 10.0 mM calcium chloride
Further studies were conducted on the photocatalytic degradation of BSA with
TiO2 at pH 8.2 in sterile water and 10.0 mM calcium chloride to determine if the
enhancement in activity observed in 10.0 mM sodium bicarbonate was due to the pH or
bicarbonate. Prior to photolysis, 5.0 mL of 1.0 M NaOH was added tolO.O mL
suspension of 1 mg/mL of TiO2 in sterile water and 10.0 mM calcium chloride to adjust
the pH to 8.2. The pH of sterile water and 10.0 mM calcium chloride were 6.41 and 6.43,
respectively prior to adjusting to bicarbonate pH (8.2). The pH was verified by using an
Accumet Research pH meter (Fisher Scientific). Figure 18 shows when BSA was
exposed to TiO2 in sterile water at a pH of 8.2, the protein content as measured by the DC
protein assay decreased by 8%, 19%, and 60% after treatment for 6, 12, and 24 h,
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respectively, within experimental error of the degradation BSA in sterile water at a pH of
6.3. When BSA treated with TiO2 in 10.0 mM calcium chloride at the adjusted pH of 8.2,
the protein content was reduced by 7%, 21%, and 40% after 6, 12, and 24 h of exposure,
again within experimental error of the degradation ofBSA in 10.0 mM calcium chloride
at a pH of 6.3. Thus increasing the pH of sterile water and 10.0 mM calcium chloride did
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Figure 18. The protein content of Bovine Serum Albumin under photocatalytic treatment
with and without TiO2 in sterile water and 10.0 mM calcium chloride at a pH of 6.3 and
8.2 as a function of time.
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3.4.2 Photocatalytic oxidation of Bovine Serum Albumin with TiO2 as determined by
(2,4-DNPH) colorimetric assay
Studies were performed to follow the extent of oxidation ofBSA upon
photocatalysis with TiO2 in sterile water, 10.0 mM sodium bicarbonate, and 10.0 mM
calcium chloride. This assay is based on nucleophilic addition-elimination reaction of






Figure 19. The reaction between 2,4-dinitrophenylhydrazine and a ketone or
aldehyde. 177
Figures 20 and 21 show that there is a small amount of 2,4-dinitrophenyl
hydrazine reactive groups, aldehydes and ketones, on the native BSA and the photolysis
in water, bicarbonate, or calcium chloride for 24 h does not increase the aldehyde and
ketone content. On the other hand, photolysis in the presence of TiO2 led to more protein
oxidation, with the BSA in 10.0 mM bicarbonate solution exhibiting far more oxidation










Figure 20. The relative concentration of protein carbonyl units formed under UV light
during photocatalytic treatment in sterile water no TiO2, sterile water with 1 mg/mL
TiO2, 10.0 mM sodium bicarbonate no TiO2, 10.0 mM sodium bicarbonate with 1 mg/mL




















Figure 21. The relative concentration of protein carbonyl units formed under in the dark
with TiO2 in sterile water no TiO2, sterile water with 1 mg/mL TiO2, 10.0 mM sodium
bicarbonate no TiO2, 10.0 mM sodium bicarbonate with 1 mg/mL TiO2, 10.0 mM
calcium chloride no TiO2, and 10.0 mM calcium chloride with TiO2 as a function of time.
3.5 Photocatalytic degradation of a tetrapeptide with TiO2
The TiO2 photocatalytic degradation of a tetrapeptide composed of methionine
(Met), arginine (Arg), phenylalanine (Phe), and alanine (Ala) with and without a di-tert-
butyl dicarbonate) on the N-terminus was followed by 'H NMR in D2O. A solution of
the tetrapeptide containing a protecting group was prepared by dissolving 0.010 g of the
tetrapeptide and 0.131 g of di-tert-butyl dicarbonate in 10.0 mL of D2O. A 5.0 mL
aliquot of the solution was placed in one well of the 6 well glass plate. TiO2
photocatalyst (0.005 g) was then added to the well. Samples, 500.0 uL, were collected at
time 0, and after 2, 5, 10, and 18 h of treatment. A similar experiment was performed
without the addition of the protecting group. The TiO2 was removed by centrifugation
(5,000 rpm, 10 min). The solution was decanted from the TiO2 and stored at -20 °C prior
to analyzing using *H NMR spectroscopy. *HNMR spectroscopy has been utilized to
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monitor the TiO2 photocatalytic reactions and precisely identify reaction intermediates.179
The !H NMR singles of each amino acid residue in the tetrapeptide were compared as a
function ofphotocatalytic treatment time. The tetrapeptide concentration chosen for this
experiment was 25.0 mM based on our determination of the linear dynamic range ofthe
NMR spectrometer. The DSS concentration, 20.0 mM, was chosen in a similar manner.
After a series of experiments was completed the frozen sample was allowed to thaw by
warming to room temperature and the spectra recorded one after the other. The 'H NMR
sample was prepared by mixing a 50.0 fiL aliquot of 200.0 mM DSS and 450.0 uL of
treated tetrapeptide solution in a 5 mm NMR tube capped with a rubber stopper. Samples
were analyzed by !H NMR spectroscopy using the experimental parameters described in
section 2.2.1.
The results of TiO2 photocatalytic treatment of the tetrapeptide with the protecting
group (P) and without the protecting group in 10.0 mM sodium bicarbonate, 10.0 mM
calcium chloride and water are as a function of time are shown in Figures 22-24. Each
tetrapeptide, with and without the protecting group, was degraded more when compared
to the controls (no TiO2 present) (Data not shown). Little photodegradation also occurred
under photolysis without TiO2. As shown in Figure 23, during photocatalytic degradation
of the N-protected tetrapeptide in 10.0 mM sodium bicarbonate, the reduction in !H NMR
in the integration of the signals each amino acid was as follows: methionine 28%, 44%,
64%, and 72%; arginine 20%, 36%, 52%, and 72%; phenylalanine 24%, 36%, 48%, and
64%; and alanine 16%, 32%, 56%, and 64% after 2, 5, 10, and 18 h, respectively. During
treatment of the tetrapeptide without the protecting group under the same conditions the
reduction in the !H NMR integration of the signals of each amino acid was as follows:
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methionine 36%, 48%, 72%, and 80%; arginine 24%, 44%, 60%, and 71%; phenylalanine
24%, 36%, 48%, and 64%; and alanine 28%, 30%, 60%, and 68% after 2, 5, 10, and 18 h
of treatment, respectively. The incorporation of the N-protecting group resulted in a









Figure 22. Degradation of tetrapeptide (Met-Arg-Phe-Ala) under photocatalytic
treatment with TiO2 in 10.0 mM sodium bicarbonate under UV light in presence (P) and
absence of protection groups as a function of time.
In a manner similar to that above, Figure 23 shows the results of the
photocatalytic degradation of the tetrapeptide with and without the protecting group in
10.0 mM calcium chloride as a function of time. During treatment of the tetrapeptide
with the protecting group the reduction in the *H NMR integration of the signals for each
amino acid was as follows: methionine 16%, 28%, 40%, and 56%; arginine 8%, 12%,
32%, and 48%; phenylalanine 8%, 12%, 28%, and 44%; and alanine 4%, 12%, 28%, and
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47% after 2, 5, 10, and 18 h of treatment, respectively. During treatment of the
tetrapeptide without the protecting group the reduction the !H NMR integration of the
signals for of each amino acid was as follows: methionine 28%, 32%, 44%, and 64%;
arginine 12%, 20%, 40%, and 52%; phenylalanine 12%, 16%, 32%, and 42%; and
alanine 13%, 17%, 30%, and 49% after 2, 5, 10, and 18 h of treatment, respectively.
Again the protected tetrapeptide was more stable than the unprotected tetrapeptide under
these conditions. Photocatalytic degradation was slower in each case in 10.0 mM
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Figure 23. Degradation of tetrapeptide (Met-Arg-Phe-Ala) under photocatalytic
treatment with TiC^ in 10.0 mM calcium chloride under UV light in presence (P) and
absence of protection groups as a function of time.
In a manner similar to that above Figure 24 give the results of the photocatalytic
degradation of the tetrapeptide with and without the protecting group in sterile water as a
function of time. During treatment of the tetrapeptide with the protecting group, the
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reduction in the *H NMR integration of the signals for each amino acid was as follows:
methionine by 16%, 32%, 48%, and 72%; arginine 8%, 20%, 40%, and 56%;
phenylalanine 8%, 20%, 36%, and 48%; and alanine 4%, 20%, 32%, and 56% after 2, 5,
10, and 18 h of treatment, respectively. During treatment of the tetrapeptide without the
protecting group, the reduction in the 'H NMR integration of the signals for each amino
acid was as follows: methionine 28%, 36%, 52%, and 72%; arginine 16%, 24%, 48%,
and 64%; phenylalanine 12%, 24%, 44%, and 52%; and alanine 12%, 28%, 40%, and
64% after 2, 5, 10, and 18 h of treatment, respectively. Again the protected tetrapeptide
was more stable than the unprotected tetrapeptide under these conditions. The rate of
photocatalytic degradation in water was intermediate between that found in 10.0 mM
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Figure 24. Degradation of tetrapeptide (Met-Arg-Phe-Ala) under photocatalytic
treatment with T1O2 in sterile water under UV light in presence (P) and absence of
protection groups as a function of time.
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3.6 The photocatalytic degradation of amino acids by TiO2
Further studies were performed on the photocatalytic treatment ofTiO2 on
individual amino acids; alanine, aspartic acid, cysteine, phenylalanine, serine, and
tyrosine in sterile water, 10.0 mM sodium bicarbonate, and 10.0 mM calcium chloride
solutions using 'H NMR spectroscopy. The adsorption and photocatalytic degradation of
amino acids in water has been measured by monitoring changes in the 'H NMR signal
intensities along with the formation of the degradation intermediates.
Amino acid photocatalytic degradation was followed by monitoring the *H NMR
signals in D2O and comparing the signal integration with that of 20.0 mM 2,2-dimethyl-
2-silapentane-5-sulfonate sodium salt (DSS). The 'H NMR spectra for each amino acid
can be found in Appendix 1.
Solutions, 25.0 mM, of each amino acid were prepared in sterile water, 10.0 mM
sodium bicarbonate, and 10.0 mM calcium chloride as described in section 2.2. Samples,
900.0 uL, were collected after 0, 2, 5,10, and 18 h ofphotochemical treatment. The
solutions were placed in centrifuge for 10 min at 5,000 rpm and then the solution was
decanted from the TiO2 and stored at -20 °C prior to analyzing using *H NMR
spectroscopy. The frozen amino acid samples were allowed to thaw by warming at room
temperature and the samples from one set of reactions were recorded sequentially. The
samples for NMR analysis were prepared by mixing 50.0 uL aliquots of 200.0 mM DSS
and 450.0 uL oftreated amino acid solution in an NMR tube (5 mm) capped with a
rubber stopper. Similar experiments irradiating each amino acid in sterile water, 10.0
mM sodium bicarbonate, and 10.0 mM calcium chloride were performed without the
addition of the TiO2.
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The 'H NMR spectrum of alanine treated with TiO2 in D20,10.0 mM sodium
bicarbonate, and 10.0 mM calcium chloride over 18 h are shown in Figures 1,2, and 3 of
Appendix 1. The integration data of each peak for alanine treated with TiO2 in D20,10.0
mM sodium bicarbonate, and 10.0 mM calcium chloride are shown in Tables 1,2, and 3
in Appendix 1 and were used to calculate the concentration of alanine over 18 h of
treatment. The concentrations calculated during the photocatalytic treatment of alanine
with TiO2 in sterile water, 10.0 mM sodium bicarbonate and 10.0 mM calcium chloride
after 18 h of treatment are shown in Figure 25. Figure 25 shows that when alanine was
treated with TiO2 in sterile water, the concentration decreased by 9%, 28%, 41%, and
72% after 2, 5,10, and 18 h ofphotocatalytic treatment, respectively. Alanine was
degraded faster by photocatalytic with TiO2 in 10.0 mM in sodium bicarbonate than in
water with the concentration decreased by 27%, 64%, 76%, and 91% after 2, 5,10, and
18 h of treatment, respectively. Alanine degraded more slowly under photocatalytic
treatment with TiO2 in 10.0 mM calcium chloride than in water, with the observed















Figure 25. The concentration of alanine under photocatalytic treatment in sterile water no
TiO2, sterile water with 1 mg/mL TiO2, 10.0 mM sodium bicarbonate no TiO2, 10.0 mM
sodium bicarbonate with 1 mg/mL TiO2, 10.0 mM calcium chloride no TiO2, and 10.0
mM calcium chloride with TiO2 as a function of time.
The 'H NMR spectrum of aspartic acid treated with TiO2 in D2O, 10.0 mM
sodium bicarbonate, and 10.0 mM calcium chloride over 18 h are shown in Figures 4, 5,
and 6 of Appendix 1. The integration data of each peak for aspartic acid treated with
TiO2 in D2O, 10.0 mM sodium bicarbonate, and 10.0 mM calcium chloride are shown in
Tables 4, 5, and 6 in Appendix 1 and were used to calculate the concentration of aspartic
acid over 18 h of treatment. The concentrations calculated during the photocatalytic
treatment of aspartic acid with TiO2 in sterile water, 10.0 mM sodium bicarbonate and
10.0 mM calcium chloride after 18 h of treatment are shown in Figure 26. Figure 26
shows when aspartic acid was treated with TiO2 in sterile water, the concentration
decreased by 22%, 58%, 69%, and 88% after 2, 5, 10, and 18 h of photocatalytic
treatment, respectively. Aspartic acid was degraded faster by photocatalytic with TiO2 in
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10.0 mM in sodium bicarbonate than in water with the concentration decreased by 56%,
68%, 85%, and 98% after 2, 5, 10, and 18 h of treatment, respectively. Aspartic acid
degraded more slowly under photocatalytic treatment with TiO2 in 10.0 mM calcium
chloride than in water, with the observed concentration reduction of 7%, 43%, 58%, and









Figure 26. The concentration of aspartic acid under photocatalytic treatment in sterile
water no TiO2, sterile water with 1 mg/mL TiO2, 10.0 mM sodium bicarbonate no TiO2,
10.0 mM sodium bicarbonate with 1 mg/mL TiO2, 10.0 mM calcium chloride no TiO2,
and 10.0 mM calcium chloride with TiO2 as a function of time.
The 'H NMR spectrum of cysteine treated with TiO2 in D2O, 10.0 mM sodium
bicarbonate, and 10.0 mM calcium chloride over 18 h are shown in Figures 7, 8, and 9 of
Appendix 1. The integration data of each peak for cysteine treated with TiO2 in D2O,
10.0 mM sodium bicarbonate, and 10.0 mM calcium chloride are shown in Tables 7, 8,
and 9 in Appendix 1 and were used to calculate the concentration of cysteine over 18 h of
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treatment. The concentrations calculated during the photocatalytic treatment of cysteine
with TiCh in sterile water, 10.0 mM sodium bicarbonate and 10.0 mM calcium chloride
after 18 h of treatment are shown in Figure 27. Figure 27 shows when cysteine was
treated with TiO2 in sterile water, the concentration decreased by 12%, 25%, 58%, and
79% after 2, 5, 10, and 18 h of photocatalytic treatment, respectively. Cysteine was
degraded faster by photocatalytic with TiO2 in 10.0 mM in sodium bicarbonate than in
water with the concentration decreased by 40%, 60%, 84%, and 93% after 2, 5,10, and
18 h of treatment, respectively. Cysteine degraded more slowly under photocatalytic
treatment with TiO2 in 10.0 mM calcium chloride than in water, with the observed
concentration reduction of 8%, 17%, 34%, and 60% after 2, 5,10, and 18 h of treatment,
respectively.
86





■ 10.0 mM NaHCO3, TiO2
■ 10.0mMCaC12
■ 10.0 mM CaC12, TiO2
Figure 27. The concentration of cysteine under photocatalytic treatment in sterile water
no TiC>2, sterile water with 1 mg/mL TiO2, 10.0 mM sodium bicarbonate no TiC^, 10.0
mM sodium bicarbonate with 1 mg/mL TiCh, 10.0 mM calcium chloride no TiO2, and
10.0 mM calcium chloride with TiCh as a function of time.
The *H NMR spectrum of phenylalanine treated with TiC>2 in D2O, 10.0 mM
sodium bicarbonate, and 10.0 mM calcium chloride over 18 h are shown in Figures 10,
11, and 12 of Appendix 1. The integration data of each peak for phenylalanine treated
with TiC>2 in D2O, 10.0 mM sodium bicarbonate, and 10.0 mM calcium chloride are
shown in Tables 10, 11, and 12 in Appendix 1 and were used to calculate the
concentration of phenylalanine over 18 h of treatment. The concentrations calculated
during the photocatalytic treatment of phenylalanine with TiC>2 in sterile water, 10.0 mM
sodium bicarbonate and 10.0 mM calcium chloride after 18 h of treatment are shown in
Figure 28. Figure 28 shows when phenylalanine was treated with TiC>2 in sterile water,
the concentration decreased by 12%, 20%, 38%, and 70% after 2, 5, 10, and 18 h of
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photocatalytic treatment, respectively. Phenylalanine was degraded faster by
photocatalytic with TiO2 in 10.0 mM in sodium bicarbonate than in water with the
concentration decreased by 13%, 28%, 44%, and 80% after 2, 5, 10, and 18 h of
treatment, respectively. Phenylalanine degraded more slowly under photocatalytic
treatment with TiO2 in 10.0 mM calcium chloride than in water, with the observed
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Figure 28. The concentration of phenylalanine under photocatalytic treatment in sterile
water no TiO2, sterile water with 1 mg/mL TiO2, 10.0 mM sodium bicarbonate no TiO2,
10.0 mM sodium bicarbonate with 1 mg/mL TiO2, 10.0 mM calcium chloride no TiO2,
and 10.0 mM calcium chloride with TiO2 as a function of time.
The 'H NMR spectrum of serine treated with TiO2 in D2O, 10.0 mM sodium
bicarbonate, and 10.0 mM calcium chloride over 18 h are shown in Figures 16, 17, and
18 of Appendix 1. The integration data of each peak for serine treated with TiO2 in D2O,
10.0 mM sodium bicarbonate, and 10.0 mM calcium chloride are shown in Tables 16,17,
and 18 in Appendix 1 and were used to calculate the concentration of serine over 18 h of
treatment. The concentrations calculated during the photocatalytic treatment of serine
with TiO2 in sterile water, 10.0 mM sodium bicarbonate and 10.0 mM calcium chloride
after 18 h of treatment are shown in Figure 29. Figure 29 shows when serine was treated
with TiC>2 in sterile water, the concentration decreased by 38%, 63%, 81%, and 100%
after 2, 5,10, and 18 h of photocatalytic treatment, respectively. Serine was degraded
faster by photocatalytic with TiO2 in 10.0 mM in sodium bicarbonate than in water with
the concentration decreased by 44%, 76%, 92%, and 100% after 2, 5,10, and 18 h of
treatment, respectively. Serine degraded more slowly under photocatalytic treatment
with TiO2 in 10.0 mM calcium chloride than in water, with the observed concentration














Figure 29. The concentration of serine under photocatalytic treatment in sterile water no
TiO2, sterile water with 1 mg/mL TiO2, 10.0 mM sodium bicarbonate no TiO2, 10.0 mM
sodium bicarbonate with 1 mg/mL T1O2, 10.0 mM calcium chloride no TiO2, and 10.0
mM calcium chloride with TiO2 as a function of time.
The 'H NMR spectrum of tyrosine treated with TiO2 in D2O, 10.0 mM sodium
bicarbonate, and 10.0 mM calcium chloride over 18 h are shown in Figures 13, 14, and
15 of Appendix 1. The integration data of each peak for tyrosine treated with TiO2 in
D2O, 10.0 mM sodium bicarbonate, and 10.0 mM calcium chloride are shown in Tables
13, 14, and 15 in Appendix 1 and were used to calculate the concentration of tyrosine
over 18 h of treatment. The concentrations calculated during the photocatalytic treatment
of tyrosine with TiO2 in sterile water, 10.0 mM sodium bicarbonate and 10.0 mM
calcium chloride after 18 h of treatment are shown in Figure 30. Figure 30 shows when
tyrosine was treated with TiO2 in sterile water, the concentration decreased by 21%, 42%,
70%, and 78% after 2, 5, 10, and 18 h of photocatalytic treatment, respectively. Tyrosine
was degraded faster by photocatalytic with TiC>2 in 10.0 mM in sodium bicarbonate than
in water with the concentration decreased by 28%, 56%, 80%, and 89% after 2, 5, 10, and
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18 h of treatment, respectively. Tyrosine degraded more slowly under photocatalytic
treatment with TiO2 in 10.0 mM calcium chloride than in water, with the observed












Figure 30. The concentration of tyrosine under photocatalytic treatment in sterile water
no TiO2, sterile water with 1 mg/mL TiO2, 10.0 mM sodium bicarbonate no TiO2, 10.0
mM sodium bicarbonate with 1 mg/mL TiO2, 10.0 mM calcium chloride no TiO2, and
10.0 mM calcium chloride with TiO2 as a function of time.
3.6.1 Detection of reaction intermediates formed during the photochemical
treatment of amino acids with TiC>2
During the photocatalytic degradation of each amino acid by TiO2, the formation
of intermediates was observed by !H NMR. The concentration of these intermediates
was calculated by integrating the peak areas relative to that of the DSS standard. During
the photocatalytic treatment of alanine with TiO2 in sterile water, 10.0 mM sodium
bicarbonate, and 10.0 mM calcium chloride the proton resonances of alanine decreased
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and new resonances appeared at 1.92 ppm and 2.37 ppm corresponding to acetic acid and
pyruvic acid, respectively.110 The resonances were observed in Figures 1,2, and 3 of
Appendix 1. These results are similar those reported by Matsushita et al. for the
corresponding reactions in water.110 Figure 31 shows the formation of acetic acid vs.
time for the photocatalytic treatment of 25.0 mM of alanine in sterile water, 10.0 mM
sodium bicarbonate, and 10.0 mM calcium chloride. When 25.0 mM alanine was
exposed to TiC>2 in sterile water, 0.2, 3.0, and 11.0 mM acetic acid were measured after 5,
10, and 18 h of treatment, respectively. The photocatalytic degradation of alanine with
T1O2 in 10.0 mM sodium bicarbonate resulted in 2.0, 8.0,15.0 mM acetic acid solutions
after 5,10, and 18 h of treatment. When alanine was treated with TiC>2 in 10.0 mM
calcium chloride, 0,2.0, 7.0 mM of acetic acid were measured after 5,10, and 18 h of
treatment. The presence ofbicarbonate during TiCh photocatalytic activity increased the
rate of formation of acetic acid by 27% and 53% after 18 h of treatment compared to










Figure 31. Formation of acetic acid under photocatalytic treatment of alanine with T1O2
in sterile water, 10.0 mM sodium bicarbonate solution and 10.0 mM calcium chloride
solution as a function of time.
Figure 32 shows the formation of pyruvic acid vs. time for the photocatalytic
treatment of 25.0 mM of alanine in sterile water, 10.0 mM sodium bicarbonate, and 10.0
mM calcium chloride. When 25.0 mM alanine was exposed to TiO2 in sterile water, 0.8
mM pyruvic acid was measured after 18 h of treatment. The photocatalytic degradation
of alanine with TiC^ in 10.0 mM sodium bicarbonate resulted in a 1.3 mM pyruvic acid
solution after 18 h of treatment. When alanine was treated with Tid in 10.0 mM
calcium chloride, 0.45 mM of pyruvic acid was measured after 18 h of treatment. The
presence of bicarbonate during TiC>2 photocatalytic activity increased the rate of
formation of pyruvic acid by 31% and 62% after 18 h of treatment compared to TiO2















Figure 32. Formation of pyruvic acid under photocatalytic treatment of alanine with TiC>2
in sterile water, 10.0 mM sodium bicarbonate solution and 10.0 mM calcium chloride
solution as a function of time.
During the photocatalytic treatment of the remaining amino acids with TiO2 in
sterile water, 10.0 mM sodium bicarbonate, and 10.0 mM calcium chloride the proton
resonances of each amino acid decreased and a new resonance appeared at 8.45 ppm
corresponding to formic acid.110 During the photocatalytic treatment of aspartic acid, the
resonances were observed in Figures 4, 5, and 6 of Appendix 1. Figure 33 shows the
formation of formic acid vs. time for the photocatalytic treatment of 25.0 mM of aspartic
acid in sterile water, 10.0 mM sodium bicarbonate, and 10.0 mM calcium chloride.
When 25.0 mM aspartic acid was exposed to TiC^ in sterile water, 0, 0.2 and 0.3 mM
formic acid were measured after 5, 10, and 18 h of treatment, respectively. The
photocatalytic degradation of aspartic acid with TiO2 in 10.0 mM sodium bicarbonate
resulted in 0, 0.30, 0.35 mM formic acid solutions after 10, and 18 h of treatment. When
aspartic acid was treated with TiC>2 in 10.0 mM calcium chloride, 0, 0.18, 0.23 mM of
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formic acid were measured after 5, 10, and 18 h of treatment. The presence of
bicarbonate during T1O2 photocatalytic activity increased the rate of formation of formic
acid by 14% and 34% after 18 h of treatment compared to TiO2 photolysis in sterile water





















Figure 33. Formation of formic acid under photocatalytic treatment of aspartic acid with
TiO2 in sterile water, 10.0 mM sodium bicarbonate solution and 10.0 mM calcium
chloride solution as a function of time.
During the photocatalytic treatment of cysteine, the resonances observed are in
Figures 7, 8, and 9 of Appendix 1. Figure 34 shows the formation of formic acid vs. time
for the photocatalytic treatment of 25.0 mM of cysteine in sterile water, 10.0 mM sodium
bicarbonate, and 10.0 mM calcium chloride. When 25.0 mM cysteine was exposed to
TiC>2 in sterile water, 0, 0.13 and 0.16 mM formic acid were measured after 5, 10, and 18
h of treatment, respectively. The photocatalytic degradation of cysteine with TiO2 in 10.0
mM sodium bicarbonate resulted in 0, 0.25, 0.59 mM formic acid solutions after 5, 10,
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and 18 h of treatment. When cysteine was treated with T1O2 in 10.0 mM calcium
chloride, 0, 0.90, 0.13 mM of formic acid were measured after 5, 10, and 18 h of
treatment. The presence of bicarbonate during TiC>2 photocatalytic activity increased the
rate of formation of formic acid by 62% and 83% after 18 h of treatment compared to




















Figure 34. Formation of formic acid under photocatalytic treatment cysteine with TiC>2
in sterile water, 10.0 mM sodium bicarbonate solution and 10.0 mM calcium chloride
solution as a function of time.
During the photocatalytic treatment of phenylalanine, the resonances observed are
in Figures 10, 11, and 12 of Appendix 1. Figure 35 shows the formation of formic acid
vs. time for the photocatalytic treatment of 25.0 mM of phenylalanine in sterile water,
10.0 mM sodium bicarbonate, and 10.0 mM calcium chloride. When 25.0 mM
phenylalanine was exposed to TiO2 in sterile water, 0, 0, and 0.15 mM formic acid were
measured after 5, 10, and 18 h of treatment, respectively. The photocatalytic degradation
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of phenylalanine with TiCh in 10.0 mM sodium bicarbonate resulted in 0, 0, 0.20 mM
formic acid solutions after 5, 10, and 18 h of treatment. When phenylalanine was treated
with TiC>2 in 10.0 mM calcium chloride, 0, 0, 0.12 mM of formic acid were measured
after 5, 10, and 18 h of treatment. The presence of bicarbonate during TiC>2
photocatalytic activity increased the rate of formation of formic acid by 25% and 35%
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Figure 35. Formation of formic acid under photocatalytic treatment of phenylalanine
with TiO2 in sterile water, 10.0 mM sodium bicarbonate solution and 10.0 mM calcium
chloride solution as a function of time.
During the photocatalytic treatment of serine, the resonances observed are in
Figures 16, 17, and 18 of Appendix 1. Figure 36 shows the formation of formic acid vs.
time for the photocatalytic treatment of 25.0 mM of serine in sterile water, 10.0 mM
sodium bicarbonate, and 10.0 mM calcium chloride. When 25.0 mM serine was exposed
to TiO2 in sterile water, 0.20, 0.23, and 0 mM formic acid were measured after 5, 10, and
18 h of treatment, respectively. The photocatalytic degradation of serine with TiO2 in
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10.0 mM sodium bicarbonate resulted in 0, 0, 0.20 mM formic acid solutions after 5, 10,
and 18 h of treatment. When serine was treated with TiO2 in 10.0 mM calcium chloride,
0, 0, 0.12 mM of formic acid were measured after 5, 10, and 18 h of treatment. The
presence of bicarbonate during TiO2 photocatalytic activity increased the rate of
formation of acetic acid by 25% and 35% after 18 h of treatment compared to TiC>2
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Figure 36. Formation of formic acid under photocatalytic treatment of serine with TiC>2
in sterile water, 10.0 mM sodium bicarbonate solution and 10.0 mM calcium chloride
solution as a function of time.
During the photocatalytic treatment of tyrosine, the resonances observed are in
Figures 13, 14, and 15 of Appendix 1. Figure 37 shows the formation of formic acid vs.
time for the photocatalytic treatment of 25.0 mM of tyrosine in sterile water, 10.0 mM
sodium bicarbonate, and 10.0 mM calcium chloride. When 25.0 mM tyrosine was
exposed to TiO2 in sterile water, 0.0, 0.13, and 0 mM formic acid were measured after 5,
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10, and 18 h of treatment, respectively. The photocatalytic degradation of tyrosine with
TiO2 in 10.0 mM sodium bicarbonate resulted in 0, 0, 0.21 mM formic acid solutions
after 5, 10, and 18 h of treatment. When tyrosine was treated with T1O2 in 10.0 mM
calcium chloride, 0, 0, 0.08 mM of formic acid were measured after 5, 10, and 18 h of
treatment. The presence of bicarbonate during TiC>2 photocatalytic activity increased the
rate of formation of acetic acid by 20% and 35% after 18 h of treatment compared to
























Figure 37. Formation of formic acid under photocatalytic treatment of tyrosine with
TiO2 in sterile water, 10.0 mM sodium bicarbonate solution and 10.0 mM calcium
chloride solution as a function of time.
3.6.2 The calculation of rate constants of amino acids during TiO2 photocatalytic
treatment
The data above were used to determine and compare the initial rate constants for
the TiC>2 photocatalytic degradation of each amino acid in sterile water, 10.0 mM sodium
bicarbonate, and 10.0 mM calcium chloride. The data was plotted as concentration
versus time, the equation of the line determined by least squares regression using
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Microsoft Excel and slope determined at zero time to determine the initial rate of
degradation. Table 6 gives the initial rate values calculated for each amino acid in sterile
water, 10.0 mM sodium bicarbonate, and 10.0 mM calcium chloride. The initial rate of
photocatalytic degradation for each amino acid was significantly higher in presence of
10.0 mM bicarbonate than in sterile water. The initial rate ofphotocatalytic degradation
for each amino acid was slower in 10.0 mM calcium chloride than in water. The initial
photocatalytic degradation rate for serine when treated with TiC>2 in 10.0 mM sodium
bicarbonate was 37 and 80% higher than in sterile water and 10.0 mM calcium chloride,
respectively. The initial degradation rate for cysteine when treated with TiC>2 in 10.0 mM
sodium bicarbonate was 73% and 84% higher when compared to sterile water and 10.0
mM calcium chloride, respectively. The initial degradation rate for phenylalanine when
treated with TiO2 in 10.0 mM sodium bicarbonate was 35% and 38% higher when
compared to sterile water and 10.0 mM calcium chloride, respectively. The initial
degradation rate for alanine when treated with TiO2 in 10.0 mM sodium bicarbonate was
37% and 77% higher when compared to sterile water and 10.0 mM calcium chloride,
respectively. The initial degradation rate for tyrosine when treated with TiO2 in 10.0 mM
sodium bicarbonate was 44% and 70% higher when compared to sterile water and 10.0
mM calcium chloride, respectively. The initial degradation rate for aspartic acid when
treated with TiO2 in 10.0 mM sodium bicarbonate was 37% and 56% higher when
compared to sterile water and 10.0 mM calcium chloride, respectively.
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Table 6. The initial rate constants for TiO2 photocataiytic degradation of amino
acids
Initial rate (k/sec)



















3.6.3 Determining the effects of the Ca2+ and Cl" on photocataiytic degradation with
TiO2
Serine, 25.0 mM, was treated for 18 h with TiO2 under UV light in sterile water,
10.0 mM sodium chloride, and 10.0 mM calcium chloride solution. Samples, 900.0 uL,
were collected after 0,2, 5, 10, and 18 h of treatment. The TiO2 was removed by
centrifugation (5,000 rpm, 10 min). The solution was decanted from the TiO2 and stored
at -20 °C prior to analyzing using *H NMR spectroscopy. A similar experiment treating
serine was performed in sterile water, 10.0 mM sodium chloride, and 10.0 mM calcium
chloride without the addition of the TiO2. The 'H NMR spectrum of serine treated with
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TiO2 in sterile water, 10.0 mM sodium chloride and 10.0 mM calcium chloride solution
was similar to Figure 16 ofAppendix 1. The integration data for each *H NMR
resonance for serine treated with TiO2 in sterile water, 10.0 mM sodium chloride and
10.0 mM calcium chloride were used to calculate the concentration of serine at 2, 5, 10
and 18 of treatment. The calculated concentrations of serine during photocatalytic
treatment in sterile water, 10.0 mM sodium chloride and 10.0 mM calcium chloride are
shown in Figure 38. Figure 38 shows when serine was treated with TiO2 in 10.0 mM
calcium chloride, the concentration decreased by 24%, 40%, 68%, and 84% after
treatment for 2, 5,10, and 18 h, respectively. However, the photocatalytic treatment of
serine with TiO2 in 10.0 mM sodium chloride decreased the concentration by 36%, 56%,
83%, and 92% after 2, 5, 10, and 18 h of treatment, respectively. When serine was
treated with TiO2 in sterile water, we observed the concentration reduced by 34%, 53%,
82%, and 91% after 2, 5, 10, and 18 h of treatment, respectively. The results in water and
sodium chloride solution were within experimental error of each other. These results
suggest that the Ca2+ ion affects the rate of reaction through the removal of the
bicarbonate and carbonate ion while the Cl" showed no effect TiO2 photocatalysis
degradation under these conditions.
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Figure 38. The concentration of serine under photocatalytic treatment in 10.0 mM
calcium chloride no TiO2, 10.0 mM calcium chloride with 1 mg/mL TiC>2, 10.0 mM
sodium chloride no TiO2, 10.0 mM sodium chloride with 1 mg/mL TiO2, 10.0 mM sterile
water no T1O2, and sterile water with T1O2 as a function of time.
3.7 Detection of damage to naked DNA plasmid using agarose gel electrophoresis
A naked DNA plasmid (PNL4-3), similar in terms of size and ratio of nucleotide
to the viral DNA of the adenovirus, was used as a DNA model to explore the effect of
TiO2 on DNA. The plasmid DNA was treated with 1.0 mg/mL of TiO2 in 10.0 mM
bicarbonate and sterile water under UV (365 nm) for 2 h. The DNA was then resolved
on a 1% agarose gel in a similar manner as described above. The integrity of the plasmid
DNA of treated and untreated samples on the gel were evaluated. Figure 39 shows that
the integrity of the DNA was unaffected in sterile water and sodium bicarbonate after 1 h
of TiO2 treatment. However, after 2 h of treatment the plasmid DNA was completely
degraded in both sterile water (Lane 7) and 10.0 mM sodium bicarbonate solution (Lane
9) when compared to the controls in sterile water (Lane 6) and in sodium bicarbonate
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(Lane 8). Figure 39 shows that DNA was susceptible to TiO2 photolysis in both sterile
water and 10.0 mM sodium bicarbonate after 2 h of treatment as no bands were present.
1 hour treatment 2 hour treatment
Figure 39. Agarose gel for DNA plasmid under photocatalytic treatment with TiO2 in
sterile water and 10.0 mM sodium bicarbonate solution. Lane 1: Native DNA, Lane 2 and
6: TiO2 dark, Lane 3 and 7: TiO2, light, Lane 4 and 8: 10.0 mM sodium bicarbonate,
TiC>2, dark and Lane 5 and 9: 10.0 mM sodium bicarbonate, TiO2, light
3.8 Discussion
From Table 6, we observed in 10.0 mM bicarbonate solution that initial rate
constants for the TiCh catalyzed photochemical degradation of the amino acids in water
ranged from 1.17 to 4.49 k/sec, while they ranged from 0.524 to 2.78 k/sec in 10 mM
calcium chloride solution, hi 10.0 mM bicarbonate solution, the rate constants increased
in the order of Phenylalanine < Alanine < Tyrosine < Aspartic acid < Cysteine < Serine
as compared to Alanine < Cysteine < Phenylalanine < Serine < Tyrosine < Aspartic acid
in 10.0 mM calcium chloride solution. Table 7 lists the increasing reactivity of the amino
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acids in water, 10.0 mM bicarbonate, and 10.0 mM calcium chloride along with the
dominant radical present in each condition.
Table 7. Increasing reactivity of amino acids in water, 10.0 mM bicarbonate




























From Table 7, in 10.0 mM bicarbonate solution the most reactive amino acids
were serine, cysteine and aspartic acid. These amino acids were highly reactive because
they contained side chains to stabilize the free radical. Serine, cysteine, and aspartic acid
contained -OH, -SH, and COO" in their side chains, respectively. However in 10.0 mM
calcium chloride solution, the most reactive amino acids were aspartic acid, tyrosine, and
serine. These amino acids were more reactive than the others because they contained -
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COO" (aspartic acid) and -OH (tyrosine and serine) in their side chain to stabilize the free
radical.
Oxidation with free radicals is preferred at sites where radicals are stabilized by
neighboring functional groups containing: unsaturated bonds, electron rich heteroatoms,
and electron-releasing alkyl groups. In 10.0 mM bicarbonate solution, serine and
cysteine were 5 and 6 times more reactive when compared to treatment in 10.0 mM
calcium chloride. In 10.0 mM calcium chloride OH", oxidation potential of 2.30 V, was
more reactive with phenylalanine (contains a stable phenyl substituent) than cysteine
(contains electron rich sulfur atom). However in 10.0 mM bicarbonate, cysteine was
more reactive with CO3"\ oxidation potential of 1.78 V, than phenylalanine. hi sterile
water, we observed the degradation rates of each amino acid were higher when compared
to 10.0 mM calcium chloride (where all bicarbonate ions were removed) and lower than
degradation rates in 10.0 mM bicarbonate (additional bicarbonate ions were added to
solution). This suggests the small amount of bicarbonate present in sterile water had an
influence on T1O2 photocatalysis. Therefore the presence ofbicarbonate ions enhanced
photocatalytic activity.
The degradation of amino acids with TiO2 in water, 10.0 mM bicarbonate, and
10.0 mM calcium chloride were plotted as concentration versus time. We wanted to
further examine TiO2 photocatalysis in water and compare the results to the
photocatalytic activity in 10.0 mM bicarbonate and 10.0 mM calcium chloride. Figure 40
shows the results for photocatalytic treatment of serine in water, 10.0 mM bicarbonate,
and 10.0 mM calcium chloride. In each case photocatalytic photodegradation was found
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to be slowest in 10 mM CaCl2 solution and fastest in 10 mM HCO3" solution. In the case


















Figure 40. Photodegradation of serine with TiO2 in sterile water, 10.0 mM sodium




























Figure 41. Photodegradation of alanine with TiO2 in sterile water, 10.0 mM sodium
























Figure 42. Photodegradation of aspartic acid with TiO2 in sterile water, 10.0 mM sodium





























Figure 43. Photodegradation of cysteine with TiO2 in sterile water, 10.0 mM sodium
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Figure 44. Photodegradation of phenylalanine with TiO2 in sterile water, 10.0 mM
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Figure 45. Photodegradation of tyrosine with TiO2 in sterile water, 10.0 mM sodium
bicarbonate, and 10.0 mM calcium chloride as a function of time.
The reactions below (3-1 to 3-4) describe the direct production of CO3" by the
oxidation of bicarbonate ions (3-1 to 3-3) or by the adsorption of bicarbonate ions with














Therefore, the generation of CO3~" by oxidation of HCO3" can occur at either the
surface of TiO2 or in solution.
3.8.1 Discussion on photocatalytic degradation of amino acids by TiO2
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During photocatalytic treatment of alanine in 10.0 mM sodium bicarbonate, the
carbonate buffer equilibrium favors the generation of excess bicarbonate/carbonate
ions.118 The addition of bicarbonate to the system increased the overall scavenging of the
OH" and resulted in a higher production of CO3". In this system, the alkaline pH is above
the isoelectric points of TiO2 (6.3) and alanine (6.0) resulting in a net negative charge.
Therefore the surface interaction of TiO2 and alanine is less likely. The formation of free
OH* and CO3"", as a secondary free radical, contributed to the significant degradation of
alanine. In 10.0 mM calcium chloride, which was in the acidic pH range of 6-6.5, the
major oxidizing agent present and responsible for alanine degradation was the OH*
generated by TiO2 photolysis. This was 35% less effective than in 10.0 mM sodium
bicarbonate where both OH' and CO3"' were present. This indicates that CO3"' contributed
considerably to the degradation of alanine. Specifically in pH range of 6-6.3, TiO2 has a
net positive charge while alanine has net negative charge. This suggest degradation may
have occurred based on a strong surface interaction of the surface bound OH' and alanine.
However, the hydrophobic properties of alanine may have contributed to low reactivity
with OH" thus making the amino acid less susceptible to oxidation in the aqueous
solution. In pH above 6.3, TiO2 has a net negative charge while alanine has net negative
charge and therefore the surface interaction of TiO2 and alanine is less likely. The OH' is
a very strong oxidizing agent, but due to the lack of specificity and the shorter lifetime of
the OH", the degradation of alanine is not as efficient as when combined with the CO3"'.
As a result, the presence of CO3"' accounted for 35% alanine degradation enhancement.
Similar observations between alanine and TiO2 were observed in sterile water in the
acidic pH range of 6-6.5. However, TiO2 photolysis in sterile water was 15% more
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effective when compared to TiO2 photocatalytic activity in 10.0 mM calcium chloride.
This result may be due to the oxidation of dissolved CO2 in water to CO3"' which
participated during photolysis.
From H NMR spectrometry, alanine has three equivalent primary hydrogens
(CH3) and secondary hydrogen (CH). The bond dissociation energy is lower for the
secondary hydrogen than the primary hydrogens which make the secondary hydrogen
more susceptible to oxidation. A secondary organic radical is more stable than a primary
organic radical. Oxidation is preferred at sites where the emerging radical can be
stabilized by neighboring functional groups such as unsaturated bonds through electron
delocalization.111 The initial step in the oxidation of alanine involves the abstraction of
hydrogen to generate a carbon centered radical.115 Figure 46 illustrates the pathways for
the suggested initial attack of alanine when in the presence of OH' or both OH" and CO3'\
In our system, we suggest the presence of 10.0 mM sodium bicarbonate during TiO2
photolysis generated both OH' and CO3"' which increased the likelihood of abstracting
the secondary hydrogen to form a stable secondary radical. However, in 10.0 mM
calcium chloride, where OH' is the only present, the likelihood of abstracting the
secondary hydrogen decreases due to the shorter lifetime and non-selectivity of the OH'.
Since the OH' is not as selective, we suggest the primary hydrogens are more likely to
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Figure 46. Pathways for the initial attack of alanine by OH' or OH' and CO3'\
During photocatalytic treatment of aspartic acid in 10.0 mM sodium bicarbonate,
the carbonate buffer equilibrium favors the generation of excess bicarbonate/carbonate
ions. The addition ofbicarbonate to the system increased the overall scavenging of the
OH* and resulted in a higher production of CO3"'. In this system, the alkaline pH is above
the isoelectric points of TiO2 (6.3) and aspartic acid (3.0) resulting in a net negative
charge. Therefore the surface interaction of TiO2 and aspartic acid is less likely. The
formation of free OH' and CO3"\ as a secondary free radical, contributed to the
substantial degradation of aspartic acid. In 10.0 mM calcium chloride, which was in the
acidic pH range of 6-6.5, the major oxidizing agent present and responsible for aspartic
acid degradation was the OH' generated by TiO2 photolysis which showed 18% less than
the condition where both OH' and CO3"" were present. This indicates that the CO3"
contributed considerably to aspartic acid degradation. Specifically in pH range of 6-6.3,
TiO2 has a net positive charge while aspartic acid has net negative charge. This suggest
degradation may have occurred based on a strong surface interaction of the surface bound
OH' and aspartic acid. The hydrophilic properties of aspartic acid may have contributed
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to the high reactivity with OH' thus making the amino acid more susceptible to oxidation
in the aqueous solution. In pH above 6.3, TiO2 has a net negative charge while aspartic
acid has net negative charge and therefore the surface interaction of TiO2 and aspartic
acid is less likely. The free OH' is effective in degradation of aspartic acid due to the
accessibility of the amino acid in the aqueous solution. However the degradation of
aspartic acid is more efficient combined with CO3"\ As a result, the presence of CO3"'
accounted for 35% aspartic acid degradation enhancement. Similar observations between
aspartic acid and TiO2 were observed in sterile water in the acidic pH range of 6-6.5.
However, TiO2 photolysis in sterile water was 8% more effective when compared to TiO2
photocatalytic activity in 10.0 mM calcium chloride. This result may be due to the
amount of dissolved CO2 in water oxidized to CO3"' which participated during photolysis
of aspartic acid.
From H NMR spectrometry, aspartic acid contains methine (CH) and methylene
(CH2) groups which are considered secondary hydrogens. The OH' is more likely to
abstract a hydrogen from methylene group of aspartic acid.'13 This could be attributed to
high electron density of that area on aspartic acid making it a likely target. In 10.0 mM
sodium bicarbonate both OH' and CO3" are present in the system. This suggests that both
OH' and CO3"' increased the probability of oxidizing the methylene group to form a stable
secondary radical, hi 10.0 mM calcium chloride, the degradation of aspartic acid is not
as efficient when compared to treatment in 10.0 mM sodium bicarbonate. Since OH' is
less discriminating, it is more likely to abstract a hydrogen from either the methylene or
methine group. Figure 47 below illustrates the pathways for the suggested initial attack
of aspartic when in the presence of OH' or both OH' and CO3"'. While a stable secondary
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radical would form the combination of OH' and CO3~* contributes to the effective
oxidation of aspartic acid after 18 h of treatment.
Figure 47. Pathways for the initial attack of aspartic acid by OH" or OH' and CO3".
During photocatalytic treatment of cysteine in 10.0 mM sodium bicarbonate, the
carbonate buffer equilibrium favors the generation of excess bicarbonate/carbonate ions.
The addition of bicarbonate to the system increased the overall scavenging of the OH'
and resulted in a higher production of CO3"\ In this system, the alkaline pH is above the
isoelectric points of TiO2 (6.3) and cysteine (6.1) resulting in a net negative charge.
Therefore the surface interaction of TiO2 and cysteine is less likely. The formation of
free OH' and CO3~\ as a secondary free radical, contributed to the significant degradation
of cysteine. In 10.0 mM calcium chloride which was in the acidic pH range of 6-6.5, the
major oxidizing agent present and responsible for cysteine degradation was the OH'
generated by TiO2 photolysis which was 29% less effective than in 10.0 mM sodium
bicarbonate where both OH' and CO3"' were present. This indicates that the CO3"'
contributed considerably to cysteine degradation. Specifically in pH range of 6-6.3,
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degradation may have occurred based on a strong surface interaction of the surface bound
OH" and cysteine. The hydrophilic properties of cysteine may have contributed to the
high reactivity with OH' thus making the amino acid more susceptible to oxidation in the
aqueous solution, hi pH above 6.3, TiO2 has a net negative charge while cysteine has net
negative charge and therefore the surface interaction of TiO2 and cysteine is less likely.
The free OH' is still effective in degradation of cysteine due to the accessibility of the
amino acid in the aqueous solution. However the degradation of cysteine is not as
efficient as when combined with the CO3". As a result, the presence of CO3" enhanced
the degradation of cysteine by 29%. Similar observations between cysteine and TiO2
were observed in sterile water in the acidic pH range of 6-6.5. However, TiO2 photolysis
in sterile water was 19% more effective when compared to TiO2 photocatalytic activity in
10.0 mM calcium chloride. This result may be due to the amount of dissolved CO2 in
water oxidized to CO3"' which participated during photolysis of cysteine. We conclude
CO3'# improved the photocatalytic degradation of cysteine.
From H NMR spectrometry, cysteine contains a methine (CH), methylene (CH2),
and sulfhydryl group (SH). As stated in the literature earlier, the initial step in the
oxidation of cysteine is the abstraction of hydrogen from the SH group to form a radical
species.115 The SH group is also known to be highly reactive and has a smaller bond
dissociation energy than the other remaining groups. Figure 48 below illustrates the
pathways for the suggested initial attack of cysteine when in the presence of OH' or OH'
and CO3'\ The combination of OH' and CO3" increases the probability to abstract the
hydrogen from the SH group to form a stable radical due to the lower bond energy and
reactivity. The selectivity and lifetime of the CO3"' radical results in a more effective
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and responsible for phenylalanine degradation was the OH' generated by TiO2 photolysis
which was 27% less effective than 10.0 mM sodium bicarbonate where both OH' and
CO3" were present. This indicates that the CO3"' contributed considerably to
phenylalanine degradation. Specifically in pH range of 6-6.3, TiO2 has a net positive
charge while phenylalanine has a net negative charge. This suggest degradation may
have occurred based on a strong surface interaction of the surface bound OH' and
phenylalanine. The hydrophobic properties of phenylalanine may have contributed to the
low reactivity with OH' thus making the amino acid less susceptible to oxidation in the
aqueous solution. In pH above 6.3, TiO2 has a net negative charge while phenylalanine
has net negative charge and the surface interaction of TiO2 and phenylalanine is less
likely. The free OH' is less effective in degradation ofphenylalanine due to the
accessibility of the amino acid in the aqueous solution. However the degradation of
phenylalanine is not as efficient as when combined with the CO3"'. As a result, the
presence of CO3"' accounted for 27% phenylalanine degradation enhancement. Similar
observations between phenylalanine and TiO2 were observed in sterile water in the acidic
pH range of 6-6.5. However, TiO2 photolysis in sterile water was 10% more effective
when compared to TiO2 photocatalytic activity in 10.0 mM calcium chloride. This result
may be due to the amount of CO2 formed during the oxidation of phenylalanine in water
which then leads to CO3"' which then participated in further photolysis of phenylalanine.
In the degradation of phenylalanine, we also observed a higher rate of degradation
with TiO2 in the presence ofbicarbonate when compared to the complete absence of
bicarbonate. From H NMR spectrometry, phenylalanine contains a methine (CH),
methylene (CH2), and an aromatic ring. As stated in the literature earlier, the OH' favors
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attacking the aromatic ring to form a stable radical which later results in a structure
similar to tyrosine.115 The aromatic ring contains five hydrogens which gives the
substituent the highest probability of being the initial site of attack. Figure 49 below
illustrates the pathways for the proposed initial attack ofphenylalanine when in the
presence of OH' or OH' and CO3"". In this figure, R represents the hydrogens which may
be a target for oxidation on the aromatic ring. After 18 h of treatment, we observed a
significant decrease in the amount ofphenylalanine present in the presence of 10.0 mM
sodium bicarbonate due to the combination of OH' and CO3"" increasing the probability of
selectively abstracting hydrogen and the neighboring hydrogen on the phenyl ring to form
a stable radical. While OH' not as selective, we suspect the OH" may abstract a hydrogen
from one position on the aromatic ring but is less likely to attack the neighboring
hydrogen to generate a stable radical.
Figure 49. Proposed pathways for the initial attack of phenylalanine by OH" or OH* and
CO3-.
During photocatalytic treatment of serine in 10.0 mM sodium bicarbonate, the
carbonate buffer equilibrium favors the generation of excess bicarbonate/carbonate ions.
The addition ofbicarbonate to the system increased the overall scavenging of the OH'
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and resulted in a higher production of CO3*. In this system, the alkaline pH is above the
isoelectric points of TiO2 (6.3) and serine (5.7) resulting in a net negative charge.
Therefore the surface interaction of TiC>2 and serine is less likely. The formation of free
OH* and CO3"', as a secondary free radical, contributed to the substantial degradation of
serine. In the 10.0 mM calcium chloride, which was in the acidic pH range of 6-6.5, the
major oxidizing agent present and responsible for serine degradation was the OH'
generated by TiO2 photolysis which was 33% less efficient than in 10.0 mM sodium
bicarbonate where both OH' and CO3"' were present. This indicates that the CO3"'
contributed extensively to serine degradation. Specifically in pH range of 6-6.3, TiO2 has
a net positive charge while serine has a net negative charge. This suggest degradation
may have occurred based on a strong surface interaction of the surface bound OH" and
serine. The hydrophilic properties of serine may have contributed to the high reactivity
with OH' thus making the amino acid more susceptible to oxidation in the aqueous
solution. In pH above 6.3, TiO2 has a net negative charge while serine has net negative
charge and the surface interaction of TiO2 and phenylalanine is less likely. The free OH*
is still effective in degradation ofphenylalanine due to the accessibility of the amino acid
in the aqueous solution. However the degradation of serine is not as efficient as when
combined with CO3"'. As a result, the presence of CO3"' accounted for 27% serine
degradation enhancement. Similar observations between serine and TiO2 were observed
in sterile water in the acidic pH range of 6-6.5. However, TiO2 photolysis in sterile water
was 18% more effective when compared to TiO2 photocatalytic activity in 10.0 mM
calcium chloride.
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From H NMR spectrometry, serine contains a methine (CH), methylene (CH2),
and hydroxyl group (OH). As stated in the literature earlier, hydrogen abstraction form
the OH group to form a stable radical species is favored over reaction at a CH bond.
The OH group is also known to be highly reactive with the oxygen being more slightly
negative and the hydrogen more slightly negative. Figure 50 illustrates the pathways for
the proposed initial attack of serine when in the presence of OH' or OH" and CO3"'. We
propose the combination of OH' and CO3"' are more effective in oxidizing serine because
it increases the possibility to selectively abstracts the hydrogen from the OH group to
form a stable radical due to the lower bond energy and reactivity. While the OH' not as
selective, we suspect that the OH group may not be an initial site of attack since it is
twice as likely to abstract hydrogen from the CH2 group. The CH group would also have
a chance of getting oxidized. But when the OH' has the opportunity to abstract a
hydrogen from the OH group, a stable radical can quickly be formed based on the high
reactivity of the substituent.
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Figure 50. Proposed pathways for the initial attack of serine by OH' or OH' and CO3"\
During photocatalytic treatment of tyrosine in 10.0 mM sodium bicarbonate, the
carbonate buffer equilibrium favors the generation of excess bicarbonate/carbonate ions.
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The addition ofbicarbonate to the system increased the overall scavenging of the OH'
and resulted in a higher production of CO3"'. In this system, the alkaline pH is above the
isoelectric points of TiO2 (6.3) and tyrosine (5.7) resulting in a net negative charge.
Therefore the surface interaction of TiO2 and tyrosine is less likely. The formation of
free OH' and CO3"", as a secondary free radical, contributed to the substantial degradation
of tyrosine. hi the absence of bicarbonate which was in the acidic pH range of 6-6.5, the
major oxidizing agent present and responsible for tyrosine degradation was the OH'
generated by TiO2 photolysis which was 26% less effective than in 10.0 mM sodium
bicarbonate where both OH' and CO3"' were present. This indicates that the CO3"'
contributed extensively to tyrosine degradation. Specifically in pH range of 6-6.3, TiO2
has a net positive charge while tyrosine has a net negative charge. This suggest
degradation may have occurred based on a strong surface interaction of the surface bound
OH' and tyrosine. The slight hydrophilic properties of tyrosine may have contributed to
the high reactivity with OH' thus making the amino acid more susceptible to oxidation in
the aqueous solution, hi pH above 6.3, TiO2 has a net negative charge while tyrosine has
net negative charge and the surface interaction of TiO2 and tyrosine is less likely. The
free OH'is still effective in degradation of tyrosine due to the accessibility of the amino
acid in the aqueous solution. However the degradation of tyrosine is not as efficient as
when combined with CO3'". As a result, the presence of CO3" accounted for 26%
tyrosine degradation enhancement. Similar observations between tyrosine and TiO2 were
observed in sterile water in the acidic pH range of 6-6.5. However, TiO2 photolysis in
sterile water was 16% more effective when compared to TiO2 photocatalytic activity in
10.0 mM calcium chloride.
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From H NMR spectrometry, tyrosine contains a methine (CH), methylene (CH2),
and an aromatic ring with a hydroxyl substituent. As stated in the literature earlier, the
OH" attacks the hydroxyl substituent and then the neighboring site to form a stable radical
which later results in a structure called dihydroxyphenylalanine (DOPA).115 The
hydroxyl substituent is considered to be the initial site of attack because it is highly
reactive with the oxygen being more slightly negative and the hydrogen more slightly
negative. However the oxidation of tyrosine is successful if the ROS attack the hydroxyl
substituent and the closest neighboring site. Figure 51 illustrate the pathways for the
proposed initial attack of tyrosine when in the presence of OH' or OH' and CO3". In this
Figure, R represents the other possible sites of oxidation on the phenyl substituent. After
18 h of treatment, we observed a significant decrease in the amount of tyrosine present in
the presence of 10.0 mM sodium bicarbonate. We propose the combination of OH' and
CO3" are more effective in oxidizing tyrosine because the possibility to selectively to
abstract the hydrogen and the neighboring hydrogen to form a stable radical is increased.
We suspect the OH'is non-selectively attacking the hydrogens on the aromatic ring as
well as the hydroxyl substituent. We also suspect the methylene and methine groups may
be attacked by OH'. This could contribute to a slower degradation of tyrosine.
Therefore, the combination of OH" and CO3"' contributed to the effective oxidation of
tyrosine after 18 h oftreatment.
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Figure 51. Proposed pathways for the initial attack of tyrosine by OH' or OH" and CO3".
3.8.1.1 Discussion on reaction intermediates formed during TiO2 photolysis of amino
acids
While we observed the degradation of each amino acid during TiO2
photocatalysis, reaction intermediates were also formed during treatment prior to
complete mineralization to CO2 and water. Figures 31 and 32 showed the formation of
reaction intermediates plotted against each time interval during the photodegradation of
alanine. The observation of two new peaks at 1.92 ppm and 2.37 ppm after five hours
and increasing of peak intensity over time was indicative of the formation of the two
intermediate products. The peak at 1.92 was identified as acetic acid while the peak at
2.37 was identified as pyruvic acid. As a result, we were able to propose a mechanism
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Figure 52. Proposed photocatalytic degradation route for alanine with TiO2 under UV
light.
These results are verified by previous studies on the degradation of alanine.
The amount of acetic acid and pyruvic acid formed were higher in 10.0 mM sodium
bicarbonate than in water or 10.0 mM calcium chloride. This suggests that the
combination of OH' and CO3" generated are more effective in degrading alanine into
acetic acid and pyruvic acid during 18 h of treatment than OH* alone. During TiO2
photolysis in sterile water, which contains a certain amount of CO2 that can be dissolved
to form CO3\ the amount of acetic acid and pyruvic acid was also relatively higher than
in 10.0 mM calcium chloride. The dissolved CO2 in water which could also be oxidized
to CO3"' during TiO2 photocatalysis may explain this result. The concentration of
intermediate products, formed over the treatment period, also had an inverse relationship
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to the degradation of alanine. We observed that as the concentration of alanine
decreased, the concentration of the degradation products increased.
While the reaction intermediates from the degradation of alanine were previously
known124, we were further able to compliment that knowledge by detecting the reaction
intermediates of the remaining amino acids in sterile water, 10.0 mM sodium
bicarbonate, and 10.0 mM calcium chloride. During TiO2 photolysis of the remaining
amino acids, formic acid was the reaction intermediate detected prior to complete
mineralization to CO2 and water. Based on previous studies on the degradation of
alanine with TiO2,124 a mechanism for the photocatalytic degradation of the remaining
amino acids can be proposed based on our results. Figure 53 illustrates the proposed
degradation pathway deduced from recent observations on aspartic acid, cysteine,
phenylalanine, serine, and tyrosine.
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Figure 53. Proposed degradation route for aspartic acid, cysteine, phenylalanine, serine,
and tyrosine.
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We observed that the combination of OH' and CO3"' were overall more effective in
degrading each amino acid into formic acid during 18 h of treatment. TiO2 photolysis in
sterile water resulted in a considerable amount of formic acid when compared to 10.0
mM calcium chloride. The amount of dissolved CO2 in water which can be oxidized to
CO3"* during TiO2 photolysis may explain this outcome. The appearance of formic acid
was more prevalent in some amino acids than others. Formic acid was more pronounced
during the degradation of serine, cysteine, and aspartic acid which contain -OH, -SH, and
-COO" in their side chains, respectively.
3.8.2 Discussion of TiO2 photocatalytic activity against proteins
Figures 22-24 shows the oxidation of the tetrapeptide with and without the
protection group with TiO2 in 10.0 mM sodium bicarbonate, 10.0 mM calcium chloride,
and sterile water as a function of time and concentration. We observed in each condition
with and without the protecting group, that methionine was considerably reduced
followed by arginine, alanine and phenylalanine after 18 h of treatment. Methionine
possesses a sulfur atom in the side chain which is very reactive with ROS as compared to
the other amino acids in the tetrapeptide. These results further support the notion that the
side chains of amino acids affect photooxidation. Figure 54 and illustrates the pathway
for the suggested initial attack of the side chain of methionine as compared to the
remaining side chains on the tetrapeptide when in the presence of both OH* and CO3"'.
Figure 55 also illustrates the possible sites for amino acid side chain attack on the
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Figure 55. Proposed pathways for the initial attack of the tetrapeptide by OH"
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When we compare photocatalytic treatment of the tetrapeptide in all three
conditions with and without the protecting group, TiO2 photolysis in 10.0 mM sodium
bicarbonate was most effective in the degradation of the tetrapeptide followed by sterile
water and 10.0 mM calcium chloride after 18 h of treatment.
The purpose of treating a tetrapeptide was to determine if oxidation occurred in a
progressive or linear manner. We observed degradation mostly at the methionine and
arginine residues of the tetrapeptide with and without the protecting group in sterile
water, 10.0 mM sodium bicarbonate, and 10.0 mM calcium chloride during TiCh
photolysis. However, methionine and arginine residues were significantly reduced during
TiO2 photocatalytic treatment in sodium bicarbonate. This supports the concept that the
CO3"" may be more selective when reacting with an organic compound than OH'. These
results are analogous to toes found with amino. However, the results are inconclusive on
whether oxidation occurred in a progressive or linear manner. Another experiment
treating peptides containing different amino acid residues with TiC>2 in our three
conditions would have to be performed in order to make progress on that question. Our
results are in agreement with Domingues et ah and we can conclude the position of the
amino acid residue at N-terminus and the other amino acids in the vicinity may have
affected the initial attack during TiO2 treatment in sterile water, 10.0 mM sodium
bicarbonate, and 10.0 mM calcium chloride.
In the case of BSA, the significant reduction with TiO2 in 10.0 mM sodium
bicarbonate can be attributed to OH* oxidizing bicarbonate ions to generate CO3'" which
also participate in the oxidation of BSA. With the removal of CO2 in 10.0 mM calcium
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chloride, we observe marginal degradation ofBSA which suggest that CO2 was a factor
in enhancing TiO2 photocatalysis in sterile water through oxidation by OH* to generate a
small amount of CO3"\ When we observe TiO2 photocatalytic activity in sterile water
and 10.0 mM sodium bicarbonate both conditions have CO2 present. However, the
additional bicarbonate in 10.0 mM sodium bicarbonate increased the degradation ofBSA
by TiO2 photolysis by 20%. The increase in the amount ofBSA reduced in 10.0 mM
sodium bicarbonate can be attributed to the generation of CO3"'which participated in
protein oxidation. These results suggest that 10.0 mM sodium bicarbonate enhanced
TiO2 photocatalytic degradation ofBSA through the generation of CO3'.
We also considered the mode of action of OH' on the degradation ofBSA in 10.0
mM sodium bicarbonate solution, 10.0 mM calcium chloride solution and sterile water.
As discussed in section 1.2, photolysis of TiO2 in water has been reported to produce OH"
both in solution and on the surface of TiO2 particles.92 Section 1.2 also discussed how
pH plays a factor in the surface interactions of TiO2 during treatment. In 10.0 mM
sodium bicarbonate solution with a pH of 8.2 which is above the isoelectric points of
TiO2 (6.3) and BSA (4.7) resulting in a net negative charge for both TiO2 and BSA.
Therefore the surface interaction of TiO2 and BSA is less favored. The formation of free
OH' and CO3"', as a secondary free radical, is more likely to have contributed to the
substantial degradation ofBSA in 10.0 mM sodium bicarbonate solution. In sterile water
and 10.0 mM calcium chloride, treatment of BSA with TiO2 occurred in the acidic pH
range of 6.3. Specifically in pH range of 6-6.3, TiO2 has a net positive charge while BSA
has a net negative charge. This suggest degradation ofBSA occurred through surface
bound OH* interactions in sterile water and 10.0 mM calcium chloride. However, the
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degradation ofBSA was 19% more effective than in 10.0 mM calcium chloride. This
result may be due to the amount of dissolved CO2 in water being oxidized to CO3' during
photolysis.
We also considered the mode of action of OH" on the degradation ofBSA when
the pH of sterile water and 10.0 mM calcium chloride was adjusted to 8.2 and compared
to TiO2 photolysis in 10.0 sodium bicarbonate. In all three environments, the pH of 8.2 is
above the isoelectric points of TiO2 (6.3) and BSA (4.7) resulting in a net negative charge
for both. Therefore the surface interaction ofTiO2 and BSA is less likely favored in
sterile water, 10.0 mM sodium bicarbonate and 10.0 mM calcium chloride. This suggests
the degradation ofBSA occurred through free OH" interactions in sterile water, 10.0 mM
sodium bicarbonate and 10.0 mM calcium chloride. In the case of 10.0 mM sodium
bicarbonate solution, the formation of free OH" and CO3'" contributed to the substantial
degradation ofBSA. This suggest degradation ofBSA occurred through both free OH'
and surface bound OH' interactions in sterile water and 10.0 mM calcium chloride.
However, the photodegradation ofBSA was 20% more effective in sterile water than in
10.0 mM calcium chloride. This result may be due to the amount of dissolved CO2 in
water being oxidized to CO3"' during photolysis.
During TiO2 photocatalytic treatment of p-galactosidase in 10.0 mM sodium
bicarbonate at a pH of 8.2, the carbonate buffer equilibrium favors the generation of
bicarbonate/carbonate ions as discussed in section 1.5. The oxidation of these ions into
CO3"by OH' gives a longer lived radical that can contribute to the inactivation of the
enzyme. We also observed that TiO2 photocatalysis was 28% more effective in sterile
water than in 10.0 mM calcium chloride solution. The only distinction between the two
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conditions was the presence of dissolved CO2 in sterile water. From the equations
discussed in section 1.5, dissolved CO2 in water has the ability to lead to formation of
CO3'\ This supports our premise that CO3* plays a part in TiO2 photocatalysis. We
suggest that CO2 in sterile water led to the formation ofbicarbonate ions which were
oxidized by OH" to generate a small amount of CO3"' that assisted in inactivating 0-
galactosidase.
3.8.3 Discussion of TiO2 photocatalytic activity against viruses
During TiO2 photolysis in 10.0 mM sodium bicarbonate, the inactivation of the P-
galactosidase recombinant adenovirus was 13% more effective than TiO2 photocatalytic
degradation in sterile water. The additional bicarbonate favors the generation of
bicarbonate/carbonate ions which can be oxidized into CO3"by OH' giving a longer lived
radical that can inactivate the virus. While both 10.0 mM sodium bicarbonate and sterile
water contained dissolved CO2, the inactivation of the virus was slightly more efficient in
10.0 mM sodium bicarbonate.
While the chemiluminescent reporter gene assay quantitated p-galactosidase
activity, it did not provide information on which part of the adenovirus life cycle was
affected by TiO2 photolysis in sterile water or 10.0 mM sodium bicarbonate. The
treatment of the adenovirus to TiO2 may have inhibited attachment to the cell or altered
the integrity of the viral DNA to prevent DNA replication. Figure 56 shows the proposed
steps of the adenovirus life cycle that may have been affected by treatment with TiO2 in
sterile water and 10.0 mM sodium bicarbonate.
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Figure 56. Proposed diagram of the stages where the adenovirus may be
inactivated.
A molecular technique such as immunoblotting would give more information on
how TiO2 photocatalysis is potentially damaging key proteins that compose the virus
capsid. A sandwich ELISA could also be used investigate the integrity of the adenovirus'
fiber knob when treated with TiO2. A procedure to abstract adenoviral DNA to assess its'
integrity after treatment could be implemented. By utilizing these techniques, one could
specifically elucidate the site of attack by ROS during treatment of the adenovirus.
During the treatment of the other human enteric RNA virus, MS2, the rate of
photocatalytic inactivation increased in the presence of 10.0 mM sodium bicarbonate.
The increase in the inactivation ofMS2 was attributed to the formation of CO3" by the
reaction of HCO3" with OH' as described in section 1.5.1. These results are similar to the
MS2 experiment discussed in section 1.2 where Sjogren et al. demonstrated the
inactivation ofMS-2 phage in the presence ofTiO2 at pH 7.2 in a disodium hydrogen
phosphate (Na2HPO4) buffer with 2.0 uM iron (II). Sjogren et al. suggested phage
134
inactivation could be attributed to iron serving as an additional oxidant by delaying
decreasing e" and h+ recombination.91 However, in our experiments MS2 inactivation
increased with TiO2 in 10.0 mM sodium bicarbonate at a pH of 8.2.
The high reactivity of free OH* in solution from TiO2 photolysis not only
contributed to MS2 inactivation but acted as a scavenger of bicarbonate/carbonate ions in
the system to form CO3" which also efficiently targeted MS2. The manner in how MS2
inactivation occurred has to be considered. In section 1.2, Cho et al. investigated whether
OH' in bulk solution or surface bound OH' on TiO2 particles were behind the inactivation
ofMS2. They reported at a pH of 7.1, the surface of TiO2 was negatively charged while
MS2 phage has both hydrophobic and negatively charged hydrophilic regions.
Therefore, adsorption ofMS2 phage onto the surface of TiO2 is not favored and thus
under this condition inactivation is likely to occur through the free OH' in the system.
However while the pH is higher in the presence of 10.0 mM sodium bicarbonate under
our conditions, absorption ofMS2 phage onto the surface of TiO2 is still not favored due
to the negative charges still being present on both the phage and photocatalyst.
Therefore the results from Cho et al. support our findings that free OH' and CO3"* in
solution contributed to the inactivation ofMS2.
CHAPTER 4
CONCLUSION
During AOP treatment of wastewater and drinking water, OH' are the primary
contributors in the removal ofmany organic contaminants. The understanding of the fate
of organic contaminants in natural water systems is critical. The CO3"*, which exists in
natural waters, may play an important role. Therefore the effect of CO3'* should be
considered in order to predict the photodegradation of organic contaminants in natural
waters.
The major source of CO3"* is through a reaction between bicarbonate or carbonate
ions and OH'. This reaction has two different effects: the scavenging of OH' which may
reduce its ability to oxidize organic contaminants and the generation of CO3"" that
consequently contributes to the degradation of organic contaminants. Our studies have
shown the addition of bicarbonate considerably improved photocatalytic oxidation of the
viruses, proteins, and amino acids when compared to treatment in presence of Ca4"4". In
each case, TiO2 in the presence ofbicarbonate was more effective than when all
bicarbonate ions were removed during photocatalytic treatment. These results are due to
CO3"' which was generated as a secondary radical by OH'reacting with the
carbonate/bicarbonate ions present in our system. While previous studies have suggested
that ions hindered photocatalytic activity, CO3"" increased the efficiency of TiO2
photocatalysis. In presence of Ca**, TiO2 photocatalytic activity was reduced as the
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bicarbonate ion present or formed in situ was removed. Therefore, we can conclude the
effect ofbicarbonate ion, both added and formed upon the photocatalytic oxidation of
substrates, enhanced TiC)2 photocatalytic activity on the inactivation ofviruses and
enzymes, and the oxidation of proteins and amino acids.
Oxidation with free radicals is preferred at sites where radicals are stabilized by
neighboring functional groups containing: unsaturated bonds, electron rich heteroatoms,
and electron-releasing alkyl groups. Our studies on TiO2 photocatalytic treatment of
individual amino acids indicated that while OH' has a higher oxidation potential, it
reacted with the amino acids such as aspartic acid that contained stable side chains.
However CO3"", with a lower oxidation potential, was very reactive with amino acids
such as serine and cysteine which contain electron rich heteroatoms as compared to
aspartic acid. When comparing the effect of OH' versus CO3'\ we can conclude that the
more reactive a radical is the less selective it is during photocatalytic oxidation.
During our studies of TiO2 treatment against individual amino acids in sterile
water, degradation analysis showed photocatalytic treatment resembled the TiO2
treatment that was exhibited in presence of bicarbonate. The resemblance may be
attributed to two distinguishing stages of degradation that occurred during treatment in
sterile water. The first stage where degradation may be related to ROS generated
primarily from TiO2 photocatalysis and the second may be prompted by ROS from
bicarbonate ions and CO2, dissolved or formed, being oxidized into CO3"'. We can
conclude that the small amount of carbonate/bicarbonate ions present in sterile water has
an effect on TiO2 by enhancing photocatalytic activity. Therefore, this makes CO3'" an
even more important ROS in natural waters. These results have the potential to provide
136
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insightful information on the treatment of organic contaminants in wastewater and
drinking water.
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E. 6543210
Figure 1. 'HNMR spectra of alanine dissolved in D2O with 1 mg of TiOi: A) before
photolysis and after UV irradiation for B) 2 h, C) 5 h, D) 10 h, and 18 h.
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Table 1. Integration data for alanine dissolved in D2O with 1 mg of TiO2: before
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Figure 2. 'HNMR spectra of alanine and sodium bicarbonate dissolved in D2O with 1 mg
of TiO2: A) before photolysis and after UV irradiation for B) 2 h, C) 5 h, D) 10 h, and 18
h.
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Table 2. Integration data for alanine and sodium bicarbonate dissolved in D2O with






















































C. 65 4 3 2 1 OD. 6543210
—
A 1 1
E. 6 5 4 3 2 1 0
Figure 3. 'HNMR spectra of alanine and calcium chloride dissolved in D2O with 1 mg of
TiO2: A) before photolysis and after UV irradiation for B) 2 h, C) 5 h, D) 10 h, and 18 h.
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Table 3. Integration data for alanine and calcium chloride dissolved in D2O with 1
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C. 5 4 3 2 1 0 D. 5
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A. 543210 B. 5432 10
E. 6 5 4 3 2 1 0
Figure 4. 'HNMR spectra of aspartic acid dissolved in D2O with 1 mg of TiC^: A) before
photolysis and after UV irradiation for B) 2 h, C) 5 h, D) 10 h, and 18 h.
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Table 4, Integration data for aspartic acid dissolved in D2O with 1 mg

















































C. 6543210 D. 6543210
Figure 5. 'HNMR spectra of aspartic acid and sodium bicarbonate dissolved in D2O with
1 mg of TiO2: A) before photolysis and after UV irradiation for B) 2 h, C) 5 h, D) 10 h,
and 18 h.
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Table 5. Integration data for aspartic acid and sodium bicarbonate dissolved in D2O



































18 1.146 1.307 97.16 84.76 0.3207
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D. 5 4 3 2 10
E.
5 4 3 2 10
Figure 6. 'HNMR spectra of aspartic acid and calcium chloride dissolved in D2O with 1
mg of TiO2: A) before photolysis and after UV irradiation for B) 2 h, C) 5 h, D) 10 h, and
18 h.
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Table 6. Integration data for aspartic acid and calcium chloride dissolved in D2O











































A. 6543210 B. 6 543210
_il _^_
I ' I
C. 6 5 4 3 2 10 D. 6543210
E. 6543210
Figure 7. 'HNMR spectra of cysteine dissolved in D2O with 1 mg of TiC^: A) before
photolysis and after UV irradiation for B) 2 h, C) 5 h, D) 10 h, and 18 h.
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Table 7. Integration data for cysteine dissolved in D2O with 1 mg of TiO2: before



































18 5.383 1.281 93.55 20.79 6.664
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1 A A J i
A. 65432 10 B. 6 5432 10
E. 6
-
Figure 8. 'HNMR spectra of cysteine and sodium bicarbonate dissolved in D2O with 1
mg of TiO2: A) before photolysis and after UV irradiation for B) 2 h, C) 5 h, D) 10 h, and
18 h.
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Table 8. Integration data for cysteine and sodium bicarbonate dissolved in D2O with
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A. 6543210 B.6 5432 10
. 1 A . 1
C. 6 5 4 3 2 1 0 D. 6 5 4 3 2 1 0
E. 6 5 4 3 2 1 0
Figure 9. 'HNMR spectra of cysteine and calcium chloride dissolved in D2O with 1 mg of
TiO2: A) before photolysis and after UV irradiation for B) 2 h, C) 5 h, D) 10 h, and 18 h.
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Table 9. Integration data for cysteine and calcium chloride dissolved in D2O with 1
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A. 876543210 B. 8 76543210
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It 1, 1
8 7 S 4 3 2 1 0 D. 876543210
7 6 5 4 3 2 10
Figure 10. lHNMR spectra of phenylalanine dissolved in D2O with 1 mg of TiO2: A)
before photolysis and after UV irradiation for B) 2 h, C) 5 h, D) 10 h, and 18 h.
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Table 10. Integration data for phenylalanine dissolved in D2O with 1 mg of TiO2:













































A. 8 7 - . 6 5 3 2 B. 8 7 6 S 4 3 2 1 0
, -, ■. 1 . 1 1 1 ■ 1 1 1 ' 1 ■ r-
C. 8 7 6 5 4 3 2 1 0 6 5 4 3 2 10
-, . 1 • 1 1 1—
5 4 3 5E. 87
Figure 11. 'HNMR spectra of phenylalanine and sodium bicarbonate dissolved in D2O
with 1 mg of TiO2: A) before photolysis and after UV irradiation for B) 2 h, C) 5 h, D) 10
h, and 18 h.
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Table 11. Integration data for phenylalanine and sodium bicarbonate dissolved in
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765 4 3 2 1 0
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7 6 5 4 3 2 10
E. 876543210
Figure 12. 'HNMR spectra of phenylalanine and calcium chloride dissolved in D2O with
1 mg of TiO2: A) before photolysis and after UV irradiation for B) 2 h, C) 5 h, D) 10 h,
and 18 h.
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Table 12. Integration data for phenylalanine and calcium chloride dissolved in D2O
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—! 1 1 ' 1 ' T~
3 2 10
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J LJL
7 6 5 4 3 2 1 0
Figure 13. 'HNMR spectra of tyrosine dissolved in D2O with 1 mg of TiO2: A) before
photolysis and after UV irradiation for B) 2 h, C) 5 h, D) 10 h, and 18 h.
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Table 13. Integration data for tyrosine dissolved in D2O with 1 mg of TiO2: before




































18 1.960 3.432 46.099 10.244 4.783
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!_1J JLJL
A. 76543210 B. 76543210
C. 7 6 5 4 3 2 1 o D. 7 6 5 4 3 2 1 0
B. 76543210
Figure 14. 'HNMR spectra of tyrosine and sodium bicarbonate dissolved in D2O with 1
mg of TiOi: A) before photolysis and after UV irradiation for B) 2 h, C) 5 h, D) 10 h, and
18 h.
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Table 14. Integration data for tyrosine and sodium bicarbonate dissolved in D2O








































R. 7 6 5 4 3 2 1 0
C. 7 D.
E.
Figure 15. 'HNMR spectra of tyrosine and calcium chloride dissolved in D2O with 1 mg
of TiO2: A) before photolysis and after UV irradiation for B) 2 h, C) 5 h, D) 10 h, and 18
h.
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Table 15. Integration data for tyrosine and calcium chloride dissolved in D2O with 1















































C. 5 D. 6
1
E. 6
Figure 16. 'HNMR spectra of serine dissolved in D2O with 1 mg of TiO2: A) before
photolysis and after UV irradiation for B) 2 h, C) 5 h, D) 10 h, and 18 h.
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Table 16. Integration data for serine dissolved in D2O with 1 mg of TiO2: before














































Figure 17. 'HNMR spectra of serine and sodium bicarbonate dissolved in D2O with 1 mg
of TiO2: A) before photolysis and after UV irradiation for B) 2 h, C) 5 h, D) 10 h, and 18
h.
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Table 17. Integration data for serine and sodium bicarbonate dissolved in D2O with
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Figure 18. 'HNMR spectra of serine and calcium chloride dissolved in D2O with 1 mg of
TiO2: A) before photolysis and after UV irradiation for B) 2 h, C) 5 h, D) 10 h, and 18 h.
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Table 18. Integration data for serine and calcium chloride dissolved in D2O with 1










































Appendix 2- JHNMR calculations
To calculate the concentration of the sample from the 'HNMR spectra, the peak
areas were integrated relative to that of an external standard 2,2-dimethyl-2-silapentane-
5-sulfonate sodium salt (DSS). The area under each peak is proportional to the number
of protons causing the peak. Integration values were found under each peak. For the
initial concentration, the integration values of each peak were recorded. To calculate
subsequent concentrations during photolysis, integration values of each peak were taken
and divided by integration value of the DSS peak. The following ratio values were then
multiplied by the starting concentration of the sample to give the concentration.
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Appendix 3- Protein carbonyl calculations
After the absorbance of each sample and control are taken, the absorbance of
controls was subtracted from the absorbance of the samples. This is called the corrected
absorbance (CA). The concentration of the carbonyls was determined by inserting the
corrected absorbance into the following equation:
Protein carbonyl (nmol/mL) = [(CA)/(0.011 aM"1)]^ ^L/200 \iL) Eq. 1
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